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Introduction 

This PhD thesis focuses on the electronic and optoelectronic characterization of devices based on 

low-dimensional materials and on a first approach to fabrication of 2D transition metal 

dichalcogenide (TMD) field effect transistors (FETs) and heterostructures. The aim of this research 

is to investigate the properties of several low-dimensional materials and how they can be affected 

by light, electron irradiation, and electric field. These effects can be also exploited for some 

applications, from simple photodetection to a new generation of transistors based on tuneable 

field emission current.  

This work is structured into three chapters. In the first chapter, the fundamentals of devices, like 

FETs and Schottky diodes, are presented together with the state-of-the-art of some of the most 

studied low-dimensional materials, i.e. TMDs, graphene, and carbon nanotubes.  

The other two chapters are focused on the results obtained during my three PhD years.  

In particular, the second chapter is about TMD FETs. Molybdenum disulphide (MoS2) is one of the 

most studied TMDs in literature. Nevertheless, the study of MoS2 FET electron beam influence was 

something unreported. During the characterization of the materials, the scanning electron 

microscope (SEM) is a powerful tool to check the material flakes’ morphology and to have full 

control in contacting the device. For this reason, a study about the role of electron beam 

irradiation is of great interest, especially if it causes dramatic changes in the material’s 

conductivity1 (ACS Appl. Mater. Interfaces 2020, 12, 36, 40532–40540).  

On a similar device, field emission properties have been investigated. Using the Fowler-Nordheim 

theory, MoS2 flakes show a low turn-on field which can be modulated by applying different 

voltages at the gate oxide under them. This behaviour can be exploited for the realization of new 
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generation transistors based on field emission phenomenon2 (Adv. Electron. Mater. 2021, 7, 

2000838).  

In the second chapter, another TMD FET has been studied: Platinum diselenide FET. Among all the 

results, surely the coexistence of positive and negative photoconductivity is something unusual 

and of a great interest. Incident light increases its conductivity when it is in high vacuum (positive 

photoconductivity), while, in ambient pressure, the n-doping induced by the desorption of surface 

adsorbates prevails and decreases conductivity (negative photoconductivity)3(Adv. Funct. Mater. 

2021, 31, 2105722). 

In the third Chapter, the focus shifts to carbon-based Schottky diodes and TMD heterostructures 

for photodetection. The fabrication of graphene-silicon Schottky diodes often involves the 

formation of a parallel metal-insulator-semiconductor (MIS) structure. This MIS structure affects 

the reverse current of the device, inducing a deviation (kink) from the standard current-voltage 

characteristic, because of a tunneling phenomenon occurring through the insulator4 (ACS Appl. 

Mater. Interfaces 2021, 13, 40, 47895–47903). To exploit this structure behaviour, a platinum-

titanium/Silicon junction has been fabricated in parallel to a MIS structure formed by carbon 

nanotubes (CNTs), silicon nitride (Si3N4) and bulk n-type Silicon. This device shows the same kink in 

the reverse current. However, when irradiated by light either on the MIS or the diode, the device 

shows a different photocurrent, also depending on the applied voltage bias. This behaviour can 

lead to different applications, from a voltage bias tuneable photodetector to a logic Boolean 

device with the position of the light and the applied bias as input variables5 (Adv. Electron. 

Mater. 2022, 2200919). 

Finally, in the last part of the third chapter, some examples of FET and heterostructures fabrication 

are reported. During the PhD course, I spent 6 months (Oct2021-Apr2022) in Aachen, Germany, at 
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the RWTH University, under the supervision of Prof. Max Lemme. During those months, I have 

learnt how to fabricate standard 2D field effect transistors and 2D TMD heterostructures. For 

instance, I show, in the last part of this work, some tungsten diselenide (WSe2) FETs with an on/off 

ratio up to 105 and some MoS2/WSe2 heterostructures with a responsivity of about 1𝜇𝐴/𝑊.  
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1. Low-Dimensional Materials: Properties and Applications 

1.1. Graphene  

Graphene is a two-dimensional material formed by carbon atoms 𝑠𝑝2 bonded and arranged in a 

honeycomb lattice (Figure 1.1(a-b)). Each C atom is 𝜎-bonded to three neighbours, while the 

fourth bond is z-oriented forming a 𝜋-bond. The remaining pz-electron per atom, not involved in 

the covalent bonding, is delocalized over the whole graphene lattice, and it is responsible for the 

electric conductivity. The hybrid 𝑠𝑝2 bonds are responsible for the graphene’s peculiar properties. 

The crystal lattice of graphene is formed by two triangular lattices (A and B) shifted with respect to 

each other, defining the hexagonal honeycomb array. Isolated graphene was first discovered in 

2004 by Geim and Novoselov6,7, using mechanical exfoliation, a simple technique that can be easily 

accessible to everyone. Owing to the strong covalent bonds, graphene has an extraordinary 

mechanical strength8,9. 

A plot of the graphene band structure is reported in Figure 1.1(c). The energy dispersion is plotted 

as a function of the momentum 𝑘𝑥 and 𝑘𝑦 in a 3D plot. The energy-momentum relation was first 

calculated by Wallace in 194710 using the tight-binding approximation. The obtained 𝐸(𝒌) relation 

(see Equation( 1.4 ) below) is plotted in Figure 1.1(c), underlining a linear behaviour of the energy 

for small 𝑘 = (𝑘𝑥, 𝑘𝑦) near to the Dirac points (𝐾, 𝐾’). A magnification of the Dirac cone is 

reported in Figure 1.1(d), showing a gapless band structure and highlighting the linear dispersion 

for small momenta. The linear-like behaviour is indicative of the fact that the charge carriers 

behave like relativistic particles with high Fermi velocity 𝑣𝐹 ∼ 106 𝑚/𝑠. 
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Figure 1.1 – (a) Carbon atom orbitals. (b) Graphene honeycomb structure. (c) Graphene band 
structure. (d)  Dirac cone and Dirac k-point graphic representation. 

 

The gapless structure and the possibility to change the doping through the Fermi level position 

make graphene very intriguing for applications in nanotechnology. For instance, given the 2D 

nature of graphene-based devices, they can be fabricated with a very thin channel (thickness of 

~3Å for single-layer graphene). This constrains the electrons and holes to move in the plane, 

giving rise to extraordinary properties and diminishing the short-channel effects. Also, considering 

the peculiar band structure, in field effect transistor applications, graphene shows an ambipolar 

behaviour, dominated by a p-type and n-type conduction at negative and positive gate voltage11, 

with carrier mobilities estimated up to 200.000 𝑐𝑚2𝑉−1 𝑠−1. The ambipolar conduction can be an 

important feature for complementary logic applications; however, the limited on/off ratio caused 

by the absence of intrinsic bandgap is a significant obstacle and requires delicate material 
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engineering for real applications12,13. Anyway, graphene is an excellent material for electronic 

devices not only for its high electron mobility, but also for its electric current carrying capacity 

(∼108 A/cm2 on SiO2/Si substrate)14, high thermal conductivity (∼5×103 Wm−1K−1 for suspended 

graphene)15, record mechanical strength (Young’s modulus is∼1 TPa)9, resilience to high 

temperatures (melting temperature estimated as 4510K)16 and humidity17,18, resistance to 

molecule diffusion and chemical stability.  

Graphene is also an ideal material for sensing applications: compared to any other material, it 

offers the largest detecting area, which favours interaction with the ambient. Further, as it is 

naturally compatible with thin film processing, graphene is easy to integrate into existing 

semiconductor device technologies. It is readily scalable, has low contact resistance with most 

common metals such as Ti, Cr, Ni, and Pa (∼ 100Ω𝜇𝑚 contact resistance has been reported for Ni 

and Pa19–22), and can form rectifying junctions with several semiconductor materials. The 

graphene–semiconductor Schottky junction is one of the simplest conceivable devices in a hybrid 

graphene–semiconductor technology. 

1.2. Carbon Nanotubes 

In 1991 Iijima discovered carbon nanotubes (CNTs) in the soot created in an electric discharge 

between two carbon electrodes23. CNTs are arranged in hexagons and pentagons which are made 

up of carbon atoms with a diameter of 3–15 nm. CNT is the subfamily of the fullerene, which is its 

carbon allotropes, which was discovered by Kroto et al. in 198524. The name is gotten from its size 

where the diameter of a nanotube is a request of a couple of nanometers. These are enormous 

macromolecules that are idiosyncratic in their size, shape, and properties. Carbon nanotubes are 

light since they are entirely made of the light element carbon (C). They are strong and have 

excellent elasticity and flexibility. In fact, carbon fibers are used to make tennis rackets, for 
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example. Their main advantages in this regard are their high chemical stability as well as their 

strong mechanical properties. 

CNTs structure is a hollow cylindrical structure (Figure 1.2(a)), which is framed by the moving of 

single or multiple layers of graphene sheets (Figure 1.2(b)). Rely upon the quantity of the outer 

layer or wall CNTs are for the most part in two kinds that are single-single-walled carbon 

nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs). When a graphene sheet is 

rolled at specific and separate angles then a proper structure of nanotube will be formed with a 

fixed inner radius. Due to the roll of a graphene sheet, by itself it forms various allotropes of 

carbon.  

The term single-walled carbon nanotubes (SWNTs) were first described in 199325. SWNTs are a 

single layer of graphene sheet with a diameter of 1–2 nm. Figure 1.2(c) shows the surface and 

internal view of an SWNT.  

Multi-walled carbon nanotubes are made up of two or more nanotubes, distinguished from each 

other and whit the outer tubes enclosing the inner tube. Due to the presence of various rolled 

layers of graphene sheet, MWNTs have a diameter ranging from 2 to 50nm. The inner layer radius 

of the tube is 0.34 nm and the outer layer radius ranges from 2 nm up to 20–30 nm26. Depending 

on the presence of graphene sheets MWNTs are named and numbered too. Figure 1.2(d) shows 

the surface and internal view of multiwall carbon nanotubes.  
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Figure 1.2 - Schematic diagram showing (a) a helical arrangement of graphitic carbons and (b) its 
unrolled plane. The helical line is indicated by the heavy line passing through the centers of the 
hexagons. (c) Surface and Internal view of single-walled carbon nanotube and (d) a multiwall 
carbon nanotube. 

1.2.1. Chirality 

As we are aware that CNT is nothing but a modified version of the graphene sheet, so to 

understand the CNT structure we should start from the structure of graphene. The graphene sheet 

shown below Figure 1.3(a) is the one plane sheet from graphite. Graphene lattice is formed by 

two basis vectors 𝑎1 and 𝑎2. The basis vectors are defined as 𝑎1  =  𝑎 (√3, 0) and 𝑎2  =

 𝑎(√3/2, 3/2) with |𝑎1|  =  |𝑎2|  =  √3𝑎, where 𝑎 is the 𝐶– 𝐶 bond length of value of 0.142 𝑛𝑚.  



12 
 

Carbon nanotubes can be classified into three main families, depending on the way the graphene 

sheet is folded. Each nanotube is defined by a chiral vector: 

 𝐶 = 𝑛𝑎1 + 𝑚𝑎2 ≡ (𝑛, 𝑚) ( 1.1 ) 

Chirality is the main feature to know the electrical properties of CNTs. For, m = 0, the structure will 

be zigzag on the nanotubes. For n = m, instead, the nanotubes will show the armchair structure. 

For generic values of (n,m), the nanotube is just called chiral. The names zigzag and armchair refer 

to the arrangement of the carbon atoms along the circumference of the nanotube. CNT is a 

cylindrical structure which is forms after cutting the graphene sheet into the rectangular strip. The 

process of conversion of rectangular graphene sheet to a zigzag, armchair and chiral structure CNT 

is reported below in Figure 1.3(b). Finally, Figure 1.3(c-d-e) show some examples of chiral, 

armchair, and zigzag nanotubes.  

The chiral angle 𝜗 is defined as the angle between vector 𝑎1 and vector 𝐶. It is possible to express 

𝜗 in terms of integers n and m: 

 
𝑐𝑜𝑠𝜗 =

2𝑚 + 𝑚

2√𝑛2 + 𝑚2 + 𝑛𝑚
 

( 1.2 ) 

where 𝜗 = 0 and 𝜗 =  30° correspond to zigzag and armchair nanotubes respectively. The 

diameter of the nanotube, d, is given by:  

 
𝑑 =

𝑎𝑐

𝜋
√3(𝑛2 + 𝑛𝑚 + 𝑚2)

1
2 

( 1.3 ) 

where 𝑎𝑐 is the distance between adjacent carbon atoms in the hexagonal lattice. 
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Figure 1.3 – (a) Schematic representation of graphene sheets with chiral vector (n, m) and chiral 
angle θ. (b) Strip of a graphene sheet rolled into a tube. (c) Armchair chirality with (n,m) = (5,5). (d) 
zigzag chirality with (n,m) = (9,0). (e) Chiral nanotube with (n,m) = (10,5). 

 

1.2.2. CNTs’ Electronic Structure 

The electronic one-dimensional structure of carbon nanotubes can be derived from that of a two-

dimensional graphene sheet with periodic boundary conditions along the direction of the 

nanotube circumference27. Figure 1.4(a-b) show the graphene lattice in real and reciprocal space. 

The shaded areas correspond to the unit cell and the first Brillouin zone. 
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Figure 1.4 - Fragments of graphene in real (a) and reciprocal (b) space. The shaded areas 
correspond to the unit cell and the Brillouin area.  and  (i = 1,2) are respectively the basis 
vectors and the vectors of the reciprocal lattice. 

Carbon atoms have four valence electrons: three of them form a strong sp2 bond, while the other 

one occupies a π orbital, perpendicular to the graphene lattice. Since π bonds are much weaker 

than σ bonds, the electronic properties of graphite and carbon nanotubes can be determined by 

considering only π electrons. The energy dispersion for π electrons in a graphene sheet is27: 

 
 ( 1.4 ) 

where  is the integral energy of superposition between the closest neighbors. Figure 1.5 is the 

3D representation of the energy dispersion that results in the bonding and antibonding bands. The 

lower and upper bands degenerate at the corners of the first Brillouin zone, called K points. At 0 K, 

the lower band is completely occupied, and the upper band is empty, this makes graphene a 'zero 

gap' conductor. 
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Figure 1.5 - Dispersion energy for graphite28. The lower and upper bands meet at the K points. 

The band structure of carbon nanotubes can be detected by imposing periodic boundary 

conditions along the tangential. The amount of energy available in the direction of the 

circumference is quantized as: 

 𝑘 ∗ 𝐶 = 2𝜋𝑞(𝑞 = 0,1,2, … ) ( 1.5 ) 

Due to this quantization, a fair number of equidistant parallel lines appear, representing the 

modes of k allowed in the reciprocal space. Figure 1.6(a-b) show the quantized reciprocal space 

for an armchair nanotube and a zigzag nanotube. Energy dispersion for π electrons in carbon 

nanotubes is obtained by taking sections along the k lines in the diagram of Figure 1.6. 

If for a particular nanotube (n,m) one of these lines passes through the point K of the two-

dimensional Brillouin zone, the nanotube is metallic. Otherwise, there will be a gap between the 

valence and conduction bands and the nanotube is therefore semiconductor.  
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Figure 1.6 - Reciprocal space for an armchair (a) and a (b) zigzag nanotube. The parallel lines 
represent the values of k. 

 

It can be shown that the electronic properties of carbon nanotubes are dependent on the 

structural parameters: they can be metallic or semiconductor depending on their diameter and 

their chirality. A nanotube is metallic if (n,m) is a multiple of 3. Moreover, Armchair nanotubes 

(n,n) are always metallic and that the zigzag ones (n,0) are metallic only if n is a multiple of 3. 

Therefore, about one third of the CNTs are metallic and the other two thirds are semiconductors. 

It is also shown that the gap of a semiconductor nanotube is inversely proportional to its diameter. 

Calculations indicate that large nanotubes (diameter > 15 nm) are always metallic whatever their 

chirality27. 

In the case of multi-walled carbon nanotubes, each concentric cylinder can be seen as a single-

walled nanotube, with its own chirality. For nanotubes less than 15 nm in diameter, one third of 

these will be metallic. When the diameter is larger than 15 nm, the gap of the semiconductor 
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nanotubes becomes so small that the nanotubes at room temperature can be considered 

metallic29. In MWNTs, all concentric cylinders with a diameter greater than 15 nm will be 

conductive. 

1.3. Transition Metal Dichalcogenides 

The group 16 of the periodic table, chalcogen elements, is extremely reactive to large number of 

metals, defining a plethora of different combinations of metal chalcogenides defined by various 

stoichiometric ratios. The transition metal chalcogenides (TMDs) are described by the chemical 

formula 𝑀𝑋2, where M is a transition metal (Mo, W, V, Nb, Ti, Pt, Pd etc.) and X a chalcogen (S, Se, 

Te). 

Either semiconducting or metallic, TMDs basic block consists in a sandwiched structure (see Figure 

1.7(a-d)) based on two main configuration H-phase or T-phase (see Figure 1.7(b-e)), where a 

transition metal atomic layer is wrapped by two chalcogen atomic layers. Each layer is bonded to 

another by van der Waals forces, which permits an easy exfoliation of the bulk material. The X-M-X 

atoms, instead, are covalently bonded30. 

Independently on the electrical nature of the material, the two main configurations are the H-

phase and the T-phase. Both phases consist of two tetrahedron (Figure 1.7(b-e)) arranged 

symmetrically (or 180° rotated) respect to the M atom (or TM as labelled in the figure, yellow ball) 

at the vertex. The blue balls, at the vertices, represent the chalcogen atoms. The two structures 

form a trigonal prismatic (octahedral) configuration which describes the H (T) phase. A top view 

representation of the hexagonal crystal lattice is shown in Figure 1.7(c-f), for both phases. 

The physical properties of the material, i.e. the band diagram, the electrical conduction, the 

optical properties, the metal or semiconducting nature, depend on the way the chalcogen atoms 

are arranged31,32. 
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Both phases are stable and can appear depending on the chalcogen-transition metal combination, 

but they may define really different material properties. For instance, monolayer molybdenum 

disulphide (MoS2), in the 2H-tetrahedral phase, is a n-type semiconductor with a direct tuneable 

bandgap, while its corresponding 1T-octahedral phase leads to a metallic behavior. 

 

Figure 1.7 – (a-d) TMD crystalline structure, (b-e) primary phases and (c-f) hexagonal in plane 
array of single MX2 layer for the 2H-phase and 1T-phase respectively. 

1.4. Applications 

1.4.1. Field Effect Transistors 

A transistor is a multifunction device, largely used in integrated circuits, which with other circuit 

elements acts as current, voltage and signal-power gain. It is referred as an active device, and its 

main action is the two terminals current control and an ON-OFF switch controlled by applying a 

voltage potential on a third electrode. 

The first transistor was realized in 1925 and then patented in 1934. The dimension was about 130-

50 𝜇𝑚 with channel of high pure n-type germanium. 
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During the years many materials have been used for both channel transistor and encapsulation 

but, in the last couple of decades, the silicon technology has been the leader in this field. 

Different types of transistors can be realized, like junction field effect transistors (JFETs), metal-

semiconductor FET (MESFET) and metal-oxide-semiconductor field effect transistors (MOSFETs). In 

this paragraph, the focus is on the MOSFET technology.  

A field effect transistor is a three terminals device, where the current flows in a semiconductor 

region, called the channel, between two terminals, the drain and the source. The channel current 

flow is modulated by the gate electrode, under the application of an electric field (gate voltage 

potential, 𝑉𝑔𝑠) orthogonal to the channel direction. In a MOSFET, to prevent current losses through 

the gate (gate leakage), an insulator layer is placed between the conductive channel and the gate 

electrode. 

The main part of the MOSFET is the metal-oxide-semiconductor (MOS) structure. As displayed in 

Figure 1.8, usually a high-conductive silicon polycrystal is heavily opposite doped under the 

source/drain contacts. 

 

Figure 1.8 – Simple layout of a n-type MOSFET structure. 

The MOS channel is covered by an insulator layer (silicon dioxide, SiO2, for instance), contacted by 

the gate electrode. Figure 1.8 reports an example of a n-type MOSFET, with a p-type silicon slice, 

p Si

  ide
Source Drain

 ate

 +  +
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heavily n-type doped under the contact, covered by an oxide layer. It also shows that the channel 

conductance can be modulated through an applied gate voltage.  

Consider a p-type semiconductor substrate, as the one reported in Figure 1.8. When a negative 

voltage is applied on the gate, the Si-substrate behaves as a capacitance. Therefore, the free holes 

are attracted by the gate and accumulate at the semiconductor-insulator interface Figure 1.9(a). 

No current can flow between the two isolated n-regions, so the transistor is OFF. 

 

Figure 1.9 – N-mos capacitor with applied (a) negative and (b) positive gate bias. 

When a positive gate voltage is applied, instead, it sweeps away the major charge carriers of the p-

type silicon substrate, leaving a net negative charge at the oxide interface (Figure 1.9(b)).  

At some point, 𝑉𝑔𝑠 = 𝑉𝑇 (threshold voltage), the region under the gate has attracted so many 

electrons that their accumulation in the silicon channel defines a link between the source and 

drain electrodes, doped of the same kind. Therefore, the application of a bias voltage (𝑉𝑑𝑠) gives 

rise to a current flow. This situation is called threshold inversion point and 𝑉𝑇 is the minimum 

voltage to be applied to turn the transistor ON. 

Current-Voltage characteristics 

When 𝑉𝑔𝑠 > 𝑉𝑇  the charges accumulate at the interface, leading to the formation of an inversion 

layer between source and drain and the transistor channel, for small drain-source voltages, 

behaves like a resistance 
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 𝐼𝑑𝑠 = 𝑔𝑑𝑉𝑑𝑠 ( 1.6 ) 

where the channel current and the bias voltage are related by the channel conductance 𝑔𝑑, 

defined as: 

 
𝑔𝑑 =

𝑊

𝐿
𝜇𝑛𝐶𝑜𝑥 

( 1.7 ) 

where 𝜇𝑛 is the electron mobility (if the MOSFET is p-type, the hole mobility 𝜇𝑝 should be 

considered), 𝑊 and 𝐿 are the channel width and length, and 𝐶𝑜𝑥 is the oxide/insulator gate 

capacitance. 

Assuming that these parameters are constant, for small voltage bias values the current-voltage 

(𝐼−𝑉) characteristic is linear and dependent on the applied gate voltage, which modulates the 

current flow between drain and source. An example of some I-V curves by varying 𝑉𝑔𝑠 is reported 

in Figure 1.10(a). As mentioned before, for 𝑉𝑔𝑠 < 𝑉𝑇 the drain-source current is zero, as the 

transistor is set OFF and no channel is formed yet. 

The thickness of the channel region depends on 𝑉𝑔𝑠. Applying a 𝑉𝑔𝑠, the channel region starts to 

become thinner near the drain electrode. Increasing 𝑉𝑑𝑠, 𝑉𝑔𝑠 becomes lower than 𝑉𝑇 and the 

conductive channel thickness goes to zero (see Figure 1.10(b)). 
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Figure 1.10 – (a) Current voltage characteristics for small  bias (for different gate voltages). (b) 
Current voltage characteristic at higher bias value for , (c) for   and (d) for 

. The insets report a scheme of the n-type mosfet device channel modification varying 
. 

Keeping increase , the current keeps increasing with a slope different from the previous linear 

region. When  reaches the saturation voltage , the so-called pinch-off of the 

channel appears (see Figure 1.10(c)). For , current reaches then a plateau, letting the 

device enter the saturation region (see Figure 1.10(d)). It is important to highlight that this is an 

ideal situation, not taking into account non-ideal effects for which the current can have a slightly 

increase. This behavior is described by: 

 
 

( 1.8 ) 

Pinch-off
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Equation( 1.8 ) highlights that the saturation voltage is a function of the gate potential, so that it is 

possible to create a set of curves varying 𝑉𝑔𝑠, for which the current is constant. The total I-V output 

characteristic is reported in Figure 1.11(a). 

 

Figure 1.11 – (a) Output characteristic at different gate voltages. (b) Transfer characteristic on 
linear and (c) semi-logarithmic scale. 

For 𝑉𝑔𝑠 > 𝑉𝑇 and 𝑉𝑑𝑠 < 𝑉𝑠𝑎𝑡, the transistor is in its active mode, where the charge carriers inside 

the channel can be modulated by the gate voltage. The channel current is thus described by the 

following equation 

 
𝐼𝑑𝑠 =

𝑊

𝐿
𝜇𝐶𝑜𝑥 [(𝑉𝑔𝑠 − 𝑉𝑇)𝑉𝑑𝑠 −

𝑉𝑑𝑠
2

2
] ( 1.9 ) 

which, for fixed 𝑉𝑑𝑠 bias, describes the transfer characteristic of a transistor. 

For small 𝑉𝑑𝑠, Equation( 1.9 ) becomes 
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𝐼𝑑𝑠 =

𝑊

𝐿
𝜇𝐶𝑜𝑥(𝑉𝑔𝑠 − 𝑉𝑇)𝑉𝑑𝑠 ( 1.10 ) 

Equation( 1.10 ) is plotted in Figure 1.11(b). Equation( 1.10 ) can be used to determine the carrier 

mobility and the threshold voltage. Indeed, the linear plot reported in Figure 1.11(b) simulates 

Equation( 1.10 ), from which mobility and threshold voltage can be extracted. In fact, from the 

slope:  

 
𝜇 = 𝑠𝑙𝑜𝑝𝑒

𝐿

𝑊𝐶𝑜𝑥𝑉𝑑𝑠
 ( 1.11 ) 

while the x-axis intercept provides the threshold voltage (𝑉𝑇). Deviation from the straight line at 

low and high 𝑉𝑔𝑠 values are related to the subthreshold conduction and the mobility dependence 

on 𝑉𝑔𝑠, respectively. 

When the MOSFET is in the OFF state a small-negligible but non-zero current flows between the 

source and the drain. The OFF current is determined by the circuit design. Of course, lower is the 

OFF-state current, less power dissipation occurs when the device is in standby. Figure 1.11(c) 

shows the transfer characteristic in semi-logarithmic scale, highlighting that the MOSFET OFF-state 

current has an exponential behaviour (linear in semi-logarithmic scale). This current is called 

subthreshold current (𝐼𝑠𝑢𝑏), and it is defined as: 

 
𝐼𝑠𝑢𝑏 =

𝑊

𝐿
𝑒𝑥𝑝 [

𝑞(𝑉𝑔 − 𝑉𝑇)

𝜂𝑘𝑇
] ( 1.12 ) 

As said before, the ideal situation is to keep the OFF current at the lowest value possible. Looking 

at the Equation( 1.12 ), the subthreshold current can be reduced adjusting the channel dimension, 

increasing the threshold voltage, decreasing the 𝜂 factor and/or letting the device work at lower 

temperature. At given channel length and width, the only possible way to achieve a lower OFF 

current, without negatively affect the device performance, is to reduce the 𝜂 factor. Indeed, a high 
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threshold voltage also reduces the ON-state current and degrades the device operation while low 

cryogenic working temperature requires considerable costs.  

To reduce the 𝜂 factor, one possible thing is to vary the gate oxide thickness. This can be seen 

from capacitance considerations: 

 
𝜂 = 1 +

𝐶𝑑𝑒𝑝

𝐶𝑜𝑥
 ( 1.13 ) 

A reduction of the oxide capacitance, related to the oxide thickness, permits to reduce the 𝜂 factor 

and so the OFF-current. 

The 𝜂 factor is otherwise connected to another important transistor parameters, called 

subthreshold swing (SS): 

 
𝑆𝑆 = 𝜂 60 𝑚𝑉

𝑇

300𝐾
 ( 1.14 ) 

which indicates how rapidly in the subthreshold regime the transistor current is switched off. 

The ideal SS value, at room temperature (300𝐾), is 60 𝑚𝑉/𝑑𝑒𝑐𝑎𝑑𝑒, i.e. with 𝜂 = 1. 

1.4.2. Schottky Diodes 

The intimate contact between a metal and a semiconductor can result in two ideal devices: the 

ohmic junction or the rectifying (also called Schottky) junction.  

In an ideal ohmic junction, the current I varies linearly with the applied voltage V, following the 

 hm’s rule, and the ratio V/I is the combination of the contact (𝑅𝑐) and the series (𝑅𝑠) resistances: 

 
𝑉 𝐼 =  𝑅𝑐  +  𝑅𝑠 ( 1.15 ) 
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A good quality ohmic contact has very low contact resistance. Achieving ohmic junctions with low 

𝑅𝑐 is a critical point to gain good performance in high-speed semiconductor devices.  

In contrast, ideal Schottky junctions act as a perfect diode with high current and very low contact 

resistance in one direction (the so-called forward direction, which correspond to the ‘‘on’’ state of 

the diode) and negligible current or infinite resistance in the opposite direction (reverse direction 

or ‘‘off’’ state .  

Figure 1.12 introduces the Schottky model for the metal/semiconductor junction and some 

relevant quantities.  

 

Figure 1.12 –Energy diagrams of (a) a metal, (b) a n-type semiconductor, (d) a n-type Schottky 
diode, (e) a p-type Schottky diode. (c) Formation of depletion layer at the interface metal-
semiconductor. 

Here, a n-type substrate is considered as example. For p-type semiconductors everything works in 

a similar manner, with electrons replaced by holes and reversed energy axis. 
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In Figure 1.12, the vacuum level or the free-electron energy, 𝐸0, is the energy state of electrons 

with zero kinetic energy outside the material, either metal or semiconductor. The difference 

between 𝐸0 and the Fermi level 𝐸𝐹 in any material defines the workfunction 𝜙: 

 
𝜙 =  𝐸0  −  𝐸𝐹 ( 1.16 ) 

The Fermi energy 𝐸𝐹 represents the highest occupied electron energy state at 𝑇 =  0 𝐾 in a 

metal; in a similar way, in a non-degenerate semiconductor, it lies in the gap between the valence 

and the conduction band, as reported in  Figure 1.12(b), i.e. it separates the occupied from the 

unoccupied states at 𝑇 =  0 𝐾.  

The probability that an electron occupies a state with energy 𝐸 at the absolute temperature 𝑇 is 

described by the Fermi–Dirac distribution function: 

 
𝑓 (𝐸) =

1

 1 + 𝑒
(𝐸−𝐸𝐹 )

𝑘𝑇

  ( 1.17 ) 

where 𝑘 =  8.62 × 10−5 𝑒𝑉/𝐾 is the Boltzmann constant. For 𝑇 > 0𝐾 electrons can occupy levels 

above the Fermi level with a rapidly decreasing probability as the energy moves away from 𝐸𝐹.  

For metals, the workfunction 𝛷𝑀  =  𝐸0  − 𝐸𝐹𝑀 (see Equation( 1.16 )) represents the energy 

required to remove an electron from the Fermi level 𝐸𝐹𝑀 to the vacuum. Its value depends only on 

the type of metal and their workfunctions, which are usually comprised between ∼2 and 6 eV.  

In each semiconductor, instead, the position of 𝐸𝐹𝑆 (semiconductor Fermi level) depends also on 

the doping: 𝐸𝐹𝑆 is closer to 𝐸𝑐 (the lowest allowed energy level of the conduction band) for a n-

type semiconductor or closer to 𝐸𝑉 (the highest allowed energy level of the valence band for p-

type doping. Figure 1.12(d-e) show, respectively, the band diagram of a Schottky diode with a n-

type and a p-type semiconductor. 
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The electron and hole densities in a semiconductor (denoted by 𝑛 and 𝑝 respectively) are in fact 

related to the Fermi energy by the following relations: 

 
𝑛 =  𝑁𝑐𝑒−

𝐸𝑐−𝐸𝐹𝑆 
𝑘𝑇    ( 1.18 ) 

 
𝑝 =  𝑁𝑉𝑒−

𝐸𝐹𝑆−𝐸𝑉
𝑘𝑇   

( 1.19 ) 

where 𝑁𝑐 = 2 (2𝜋𝑚𝑒
∗ 𝑘𝑇

ℎ2)

3

2
  and 𝑁𝑉 = 2 (2𝜋𝑚𝑝

∗ 𝑘𝑇

ℎ2)

3

2
 are the effective densities of states in the 

conduction and valence band, and 𝑚𝑒
∗  and 𝑚𝑝

∗  are the effective masses of electrons and holes, 

respectively (with ℎ =  4.136 × 10−15 𝑒𝑉 ⋅ 𝑠  the Planck constant).  

This means that the workfunction in a semiconductor varies according to the doping, as the Fermi 

level is not fixed. To characterize a semiconductor, therefore, the electron affinity χ is introduced, 

defined as: 

 
χ =  𝐸0  −  𝐸𝑐  ( 1.20 ) 

This is a constant quantity and express the difference between the vacuum level and the 

conduction band edge. Here some notable examples of electron affinity are reported: 4.05 eV for 

Si, 4.07 eV for gallium arsenide (GaAs), 4.0 eV for germanium (Ge). 

Schottky Barrier 

When a metal-semiconductor contact is established, Fermi levels align at equilibrium. Charge 

transfer occurs. For a n-type semiconductor and 𝜙𝑀 > 𝜙𝑆, electrons flow into the metal, due to 

the disparity in average energy, higher in the semiconductor rather than in the metal. The transfer 

of charge results in the formation of a layer at the semiconductor interface depleted of free 

charge carriers, called depletion layer. The removal of electrons (and similarly of holes for p-type 

substrates) leaves behind the space immobile charge of the uncompensated dopant ions; for this 
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reason, the depletion layer is also called the space charge region (Figure 1.12(c)). The formation of 

such layer confirms that a Schottky junction has been formed.  

If 𝜙𝑀 < 𝜙𝑆, instead, electrons inject from the metal to the semiconductor. No depletion layer 

forms in this case, since the metal can be considered an infinite electron reservoir, and the 

junction is ohmic (unless some pinning of the Fermi level takes place, see paragraph below). 

In a Schottky junction, the space charge formed in the depletion layer is also mirrored by a very 

thin layer of opposite-sign charge at the metal surface (Figure 1.12(c)).  This situation, quite similar 

to a parallel plate capacitor, gives rise to an electric field 𝐸𝑖 and a potential 𝜙𝑖  at the junction, 

which prevent further net charge diffusion between the semiconductor and the metal. 𝜙𝑖  is called 

built-in potential and its corresponding energy Φ𝑖 = 𝑒𝜙𝑖  is the energy barrier seen by electrons 

from the semiconductor to the metal. It is defined as: 

 
Φ𝑖 = Φ𝑀 − Φ𝑆 ( 1.21 ) 

The corresponding electric field formed at the junction is called built-in electric field and opposes 

to the motion of electrons from the semiconductor to the metal. It has the maximum value at the 

physical metal-semiconductor interface (𝑥 = 0 in Figure 1.12(d)) and decreases with distance until 

it vanishes at the edge of the depletion layer (𝑥 = 𝑊). The formation of an energy barrier at the 

metal/semiconductor interface, Φ𝐵, as the result of a discontinuity of the allowed energy states in 

the energy diagram, is known as Schottky barrier. It plays a similar role as Φ𝑖, with a simple, very 

important, difference. Φ𝑖 can be modulated by the application of an external voltage bias. On the 

other hand, Φ𝐵 is not directly affect by the voltage bias (apart for second order effects). The 

Schottky barrier height is related to the semiconductor electron affinity: 

 
Φ𝐵 = |Φ𝑀 − 𝜒| ( 1.22 ) 
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Equation( 1.22 ) is known as the Schottky–Mott relation. As Φ𝑀 and 𝜒 are both intrinsic properties 

of the crystal lattice, so it is the Schottky barrier height: it cannot be modified by doping or 

applying voltage bias. 

For a p-type substrate, with Φ𝑀 > Φ𝑆, a similar barrier forms for the flow of holes from the metal 

to the semiconductor, and the Schottky/Mott relation becomes: 

 Φ𝐵 = 𝐸𝑔 − |Φ𝑀 − 𝜒| ( 1.23 ) 

where 

 𝐸𝑔 = 𝐸𝐶 − 𝐸𝑉 ( 1.24 ) 

is the bandgap of the semiconductor.  

Experimental measurements show that the Schottky-Mott relations are only qualitatively valid, 

with SBH often nearly independent of metal workfunction33–36. Indeed, the simple Schottky model 

neglects certain effects which arise at a junction between two dissimilar materials. 

Surface non-ideal effects  

The semiconductor surface contains surface (or interface) states, with energies within the 

semiconductor bandgap, due to incomplete covalent bonds (called Shockley–Tamm states) and 

other effects (as foreign atoms bonded at the surface and crystal defects). This favours the piling 

up of charges at the metal-semiconductor interface. J. Bardeen pointed out the importance of 

surface states in determining the SBH37.  

Usually, there is a thin interfacial layer which is neither semiconductor nor metal, so that the 

contact is very rarely an atomically sharp discontinuity between the two materials. Silicon crystals 

for example are usually covered by a thin (10–20 Å) oxide layer even after etching or cleavage in 

atmospheric conditions. Although electrons can tunnel through it, this thin layer can affect the 
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properties of the junction. Considering a n-type semiconductor, the occupation of some of the 

surface states by electrons induces a positive depletion layer in the silicon near the surface, 

causing the energy bands to bend upwards near the surface (Figure 1.13(a)). When a junction with 

a metal with Φ𝑀  > Φ𝑆 is formed (Figure 1.13(b)), the transfer of electrons from the 

semiconductor to the metal further bends the conduction band away from the Fermi level and 

removes negative charge trapped in the surface. Indeed, electrons trapped in the acceptor like 

interface states contribute to the overall charge transfer from the semiconductor to the metal 

needed to establish the thermal equilibrium. The larger the density of surface states, the more the 

trapped charge is removed for each incremental increase of the band bending near the contact. 

However, if the density of surface states is very large, just a negligible movement of the Fermi 

level at the semiconductor surface is sufficient to establish thermal equilibrium. In this case the 

Fermi level is said to be pinned by the high density of states.  

The pinning of the Fermi level happens any time many electronic states is clustered near the Fermi 

level. The pinning of the Fermi level and the presence of a thin interfacial layer at the junction also 

result in a reduced Schottky barrier height. The interfacial layer of atomic dimensions can contain 

impurities and added interface states and, more important, can sustain a voltage drop. Otherwise 

stated, there is an electric field in the extra thin gap between the metal and the semiconductor. 

The electric field in the gap layer in this case is supported by a negative charge on the metal 

surface that, together with the negative charge of the occupied acceptor surface states, mirrors 

the positive charge of the depletion layer in the semiconductor. Figure 1.13(b) shows that the gap 

layer and the interface states originate a reduced Schottky barrier height defined as: 

Φ𝐵  =  |Φ𝑀  − 𝜒 −  1| 
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Figure 1.13 – (a) The effect of acceptor like surface states on a n-type semiconductor and (b) on a 
Schottky junction. 

1.4.3. Heterostructures 

Two-dimensional (2D) heterostructures have been investigated theoretically and experimentally in 

the past years. Their innovative properties provide many potential applications. Mainly, 2D 

heterostructures can be identified into two different types, according to their structures38–40: 

- Vertical 2D heterostructures, composed of different stacked layers. In vertical 2D 

heterostructures, the isolated atomic component can be assembled to form new layered materials 

stacked in a precisely selected sequence. The different layers in vertical heterostructures are 

generally combined by van der Waals (vdW) interaction. They show some novel electronic41 and 

optical properties42, such as high carrier mobility43 and good photoresponse performance44, which 

can be exploited to design transistors45,46 and photoelectronic devices47.  

- Lateral 2D heterostructures, where different 2D atomic panels are stitched in a single atomic 

layer because of the similar structure and small lattice mismatch. Many devices fabricated with 

lateral heterostructures have demonstrated good performances and shown unique properties. 

Based on monolayer WSe2–WS2 heterojunctions, for example, high-mobility field-effect transistors 

(FETs), p–n diodes with large rectification behaviour, photovoltaic devices and CMOS inverter with 
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large current gain have been demonstrated48. Also, a photodetector based on MoS2–MoSe2 lateral 

heterostructures has been reported with responsivity, detectivity, and external quantum efficiency 

reaching 1.3 𝐴/𝑊, 2.6  ×   1011 Jones, and 263.1%, respectively49. Moreover, Ming-Yang Li et al 

have fabricated a light-emitting device designed with lateral WSe2–MoS2 heterostructure which 

exhibits a conversion efficiency of 1 m% (the ratio of the emitted photon to the injected carriers) 

in 70 kW cm−2, higher than a homojunction device based on simple monolayer MoS2
50. These 

devices built with LHSs can potentially be used in future electronic circuits and device applications. 

1.4.4. Field Emission 

The electrons emission from a conductive (metallic or semiconductor) surface under the 

application of an electrostatic field is called field emission. It is also called cold cathodes emission, 

to differentiate it from the thermionic emission, where electrons are extracted by raising the 

sample temperature. For long time this effect has not been fully understood and only in the late 

1920s Fowler and Nordheim gives to it an explanation. They demonstrated that field emission 

could be described considering electron tunneling through a triangular potential barrier. Indeed, 

the applied electrostatic field gives to the electron sufficient energy to overcome the surface-

vacuum barrier. 

Fowler and Nordheim proposed a simple equation to describe the current-voltage relationship 

which regulates the field emission for semiconductors: 

 

𝐼 =
𝐴𝑎𝐸𝑠

2

𝜑
 𝑒

−𝑏𝜑
3
2

𝐸𝑠  ( 1.25 ) 

where A is the emitting area, 𝐸𝑠 is the local electric field, φ is the workfunction of the 

semiconducting material and 𝑎 = 1.54 ∙  10−6  𝐴 𝑒𝑉 𝑉−2 and 𝑏 =  6.83 ∙  109  𝑉 𝑚−1  𝑒𝑉−
3

2 are 

constants. Although Equation( 1.25 ) refers to flat surfaces, it has been successfully used to 
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describe the field emission current of different nanostructured materials, just considering some 

minor adjustments to consider their 2D or 1D nature. 

In the first place, the field emission was considered an undesirable effect, as it could cause vacuum 

breakdown and discharge phenomena. Nowadays, instead, several applications are based on this 

phenomenon, from the field of microscopy and spectroscopy to the use of field electron emitters 

as electron-gun sources or as active components for vacuum electronics. Anyway, a great boost to 

the research in such field was given by the discovery of 2D and 1D materials. In fact, their large 

aspect ratio allows to intensify the fields at their edges, favouring the electrons emission from the 

surface.  Nowadays, a great research effort is still needed to optimize the performance of field 

emitting devices and their figures of merit such as the turn on field (the minimum electric field 

from which it is possible to extract electrons), and the max current density (the maximum field 

emission current that can be recorded without damaging the material). 
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2. 2D Materials Based Field Effect Transistors 

In this chapter the results of several experimental studies concerning the electrical properties of 

different 2D materials, used as FETs’ channels, are reported. The aim of these works was to 

investigate the intrinsic transport properties of these materials under different conditions, such as 

temperature and pressure variations and light or electron irradiation. Even if referring to a specific 

2D material, most of the results are also valid when applied to other layered materials that 

present similar characteristics.  

Despite MoS2 has been widely investigated by the scientific community, there are still some 

interesting unexplored features. Here, in the first part of this chapter, two different MoS2 

properties are investigated. In the first paragraph, it is reported how an electron beam can affect a 

MoS2-based FET. It is shown that the exposure of Ti/Au source/drain electrodes to an electron 

beam reduces the contact resistance and improves the transistor performance. The electron beam 

conditioning of contacts is permanent, while the irradiation of the channel can produce transient 

effects. It is demonstrated that irradiation lowers the Schottky barrier at the contacts because of 

thermally induced atom diffusion and interfacial reactions. The simulation of electron paths in the 

device reveals that most of the beam energy is absorbed in the metal contacts. The study 

demonstrates that electron beam irradiation can be effectively used for contact improvement 

through local annealing. The results derive from a study conducted in collaboration with the 

University of Duisburg-Essen and Università degli Studi dell’Aquila, and they have been published 

with the title “Electron Irradiation of Metal Contacts in Monolayer MoS2 Field-Effect Transistors” 

by Pelella et al in ACS Applied Materials and Interfaces (2020)1. 

In the second paragraph, MoS2 nanosheets, obtained via chemical vapor deposition onto SiO2/Si 

substrates, are exploited to fabricate field-effect transistors with n-type conduction, high on/off 
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ratio, steep subthreshold slope, and good mobility. Local field emission measurements from the 

edges of the MoS2 nanosheets are performed in high vacuum using a tip-shaped anode. It is 

demonstrated that the voltage applied to the Si substrate back-gate modulates the field emission 

current. Such a finding, that it is attributed to gate-bias lowering of the MoS2 electron affinity, 

enables a new field-effect transistor based on field emission. This study also derives from the same 

collaboration and resulted in another work entitled “Gate-Controlled Field Emission Current from 

MoS2 Nanosheets” by  elella et al, published in Advanced Electronic Materials in 20202. 

Finally, in the third paragraph, the electrical properties of platinum diselenide (PtSe2), another 

member of the TMDs family, are investigated. The research focuses on investigating the electrical 

response of the material when exposed to supercontinuum white laser irradiation. It is 

demonstrated that the external pressure is responsible for different response to light of the 

material, leading to positive or negative photoconductivity in vacuum and at a room pressure, 

respectively. The research on the electrical properties of PtSe2 was conducted in collaboration 

with the Tyndall National Institute of Cork and Trinity College of Dublin, which resulted in the 

publication of the paper "Coexistence of negative and positive photoconductivity in few-layer 

PtSe2 field-effect transistors" published in Advanced Functional Materials in 20213. 

2.1. MoS2 Field Effect transistor – Effect of Electron Beam Irradiation 
 

Molybdenum disulphide (MoS2) is one of the most studied transition metal dichalcogenides, owing 

to its layered structure and useful mechanical, chemical, electronic and optoelectronic properties. 

Despite the lower field-effect mobility than graphene 51,52, ranging from few tenths to hundreds of 

𝑐𝑚2𝑉−1𝑠−121,53–55, MoS2 field effect transistors (FETs) have recently become very popular as 

alternatives to graphene FETs21,53–57 for next generation electronics based on 2D-materials58–65.  
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The fabrication and characterization of devices based on 2D materials greatly rely on the 

application of electron beam (e-beam) lithography (EBL) or focussed ion beam processing as well 

as on scanning (SEM) or transmission electron microscopy (TEM), which imply irradiation by 

charged particles. From the literature, we know that the exposure to low-energy electrons and/or 

ions can modify the electronic properties of the 2D materials or their interfaces57,66,67. Indeed, 

structural defects can locally modify the band structure and behave as charge traps, thereby 

changing the device characteristics. It can happen both in the case of e-beam68,69 and ion beam 

irradiation70,71. On the other hand, e-beam, ion irradiation and plasma treatments can be 

intentionally used for nano-incisions72, pores73, or to purposely create defects, for instance to 

reduce the contact resistance74–76. Choi et al. reported the effects of 30 keV e-beam irradiation of 

monolayer MoS2 FETs, showing that irradiation-induced defects act as trap sites reducing the 

carrier mobility and concentration and shifting the threshold voltage77. A study of point defects in 

MoS2 using SEM imaging and first-principles calculations, by Zhou et al., demonstrated that 

vacancies are created by e-beam irradiation at low energies78, below 30 keV. Durand et al. studied 

the effects of e-beam on MoS2-based FET reporting an increase of the carriers density and a 

decrease of the mobility explained as irradiation-induced generation of intrinsic defects in MoS2 

and as Coulomb scattering by charges at the MoS2/SiO2 interface, respectively79.  

In this paragraph, the electrical characterization of monolayer MoS2-based FETs, with Schottky 

Ti/Au contacts, is presented, focusing on the effects of low-energy e-beam irradiation. The long 

exposure of the metal contacts to 10 keV e-beam in a SEM chamber enhances the transistor´s on-

current. Such an improvement can be explained by radiation-induced lowering of the Schottky 

barrier at the metal contacts. Monte Carlo simulation has been also performed to track the e-

beam through the device, showing that, when the beam is focussed onto the contacts, most of the 

beam energy is absorbed within the metal. The local heat can induce atomic diffusion and 
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interfacial reactions that change the chemical composition and structure of the metal/MoS2 

interface or can generate or release tensile strain. Both effects cause the lowering of the Schottky 

barrier and the consequent increase of the transistor current.  

This study shows that e-beam exposure during SEM imaging has non-negligible effects on MoS2 

devices; however, it also highlights that a suitable exposure, with the e-beam focused on the 

contact region, can be conveniently performed to reduce the contact resistance of the transistor. 

Compared to thermal annealing, it provides a way to improve the contact resistance by local 

conditioning, which avoids the exposure of the entire wafer to a high thermal budget. 

2.1.1. Fabrication And Experimental Methods  

The MoS2 monolayer flakes were grown via chemical vapour deposition (CVD) in a three-zone split 

tube furnace, purged with 1000 Ncm³/min of Ar gas for 15 min to minimize the O2 content. The 

growth SiO2/Si substrate was spin coated with a 1% sodium cholate solution. Then, a saturated 

ammonium heptamolybdate (AHM) solution was first annealed at 300 °C under ambient 

conditions, to turn AHM into MoO3, which was used as the source for molybdenum. The target 

material was placed in a three-zone tube furnace along with 50 mg of S powder, positioned 

upstream in a separate heating zone. The zones containing the S and AHM were heated to 150 °C 

and 750 °C, respectively. After 15 min of growth, the process was stopped, and the sample was 

cooled rapidly. 

Field-effect transistors have been realized using the SiO2/Si substrate (SiO2 thickness: 285 nm) as 

the back-gate. On top, drain and source electrodes have been evaporated and patterned (through 

standard photolithography and lift-off processes) on the selected MoS2 flakes. The contacts were 

made of Ti (10 nm) and Au (40 nm), used as adhesion and cover layers, respectively. Titanium was 
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deposited in high vacuum, which could not exclude the formation of TiO2 contributing to the 

resistance and Schottky barrier at the contacts.  

Figure 2.1(a-b) show the SEM top view of the device and its schematic layout and measurement 

setup. Raman spectrum and photoluminescence (PL, see Figure 2.2 below) tell us that the channel 

is made up from a 20x4 μm monolayer flake. Atomic force microscope (AFM) images displayed in 

Figure 2.1(c-d) show that the flake has an average height of 1.0 – 1.3 nm, confirming the single 

layer,  and it appears to be extremely flat (with a roughness rms < 0.25 nm) and structurally intact. 

Contacted and non-contacted flake areas do not differ with respect to contamination density – 

spectroscopic data should thus be comparable.  

 

Figure 2.1- (a) SEM image and contact labels of the MoS2 device. (b) MoS2 FET layout and 
schematic of the common source configuration used for the electrical characterization. (c) AFM 
image of the MoS2 flake between the electrical contacts (white) (d) A zoom-in into the upper region 
of (c) showing that the flake is flat and structurally intact. (e) Height distribution taken from image 
(d) yielding a height of ~1.2 nm. 
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A total of seven MoS2 channels of identically prepared FETs have been characterized by Raman 

and PL spectroscopy just after processing. The measurements were performed with a Renishaw 

InVia Raman microscope at ICAN (Interdisciplinary Center for Analytics on the Nanoscale). The 

excitation laser wavelength was 532 nm and the power density was kept below 0.1 mW/µm² to 

avoid damage to the MoS2 flake. Figure 2.2 shows exemplary spectra of the Raman 

characterization. The shape of the PL spectra (Figure 2.2(a)) and the difference of the Raman 

modes (Figure 2.2(b)) differ significantly. The PL intensity (sum of all excitons and trions) for non-

contacted MoS2 flakes is higher by a factor of 1.7 ± 0.8 than for contacted MoS2. The mode 

difference for non-contacted and contacted MoS2 is 21.3 ± 0.7 cm-1 and 19.7 ± 0.7 cm-1, 

respectively. Both the changes in PL and Raman mode difference can be attributed to built-in 

strains or changes in the electronic properties and band structure of the MoS2 sheets80–84. From 

the linear dependencies of Raman mode positions on doping and strain80,81, we find a reduction of 

tensile strain by (0.46 ± 0.28) % and an increase in the electron doping of 0.44 ± 0.36 × 1013 

electrons per cm² for the contacted 2D material in comparison with non-contacted MoS2 (details 

of the calculation method can be found in reference85). Hence, the significant alterations in the 

spectroscopic pre-characterization of the MoS2 channels can be clearly attributed to electronic 

and structural changes at the metal contact. 
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Figure 2.2 – (a) Photoluminescence and (b) Raman spectrum of monolayer MoS2 after FET 
processing. Green: contacted MoS2 monolayer flake, blue: non-contacted monolayer MoS2 flake. 

In the following, most of the electrical characterization refers to the transistor between the 

contacts labelled as C2 and C3 in Figure 2.1(a). The contact C3 was used as the drain and C2 as the 

grounded source. The electrical measurements were carried out inside a SEM chamber (LEO 1530, 

Zeiss), endowed with two metallic probes with nanometer positioning capability, connected to a 

Keithley 4200 SCS (source measurement units, Tektronix Inc.), at room temperature and pressure 

of about 10-6 mbar. Finally, the e-beam of the SEM, set to 10 keV and 10 pA, was used for the 

time-controlled irradiation of specific parts of the device. 

2.1.2. Standard characterization 

The standard characterization of a transistor requires the measurement of the current 𝐼𝑑𝑠 flowing 

in the channel as a function of the voltage 𝑉𝑑𝑠 applied between drain and source (output 

characteristic) and of the voltage 𝑉𝑔𝑠 applied between gate and source (transfer characteristic). 

Figure 2.3(a-b) report the output and the transfer characteristics. The output current shows its 

forward branch at negative voltages, typical of a p-type Schottky diode. Transfer characteristic 

shows high current for high positive voltages, telling us the current flows is due to electrons and 

the device is a n-type transistor. Although it seems a contradiction, this behaviour has been 

previously reported in literature for MoS2 and WSe2, and it is explained by the formation of two 
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back-to-back Schottky diodes at the contacts86,87. The asymmetric output characteristic is caused 

not only by the different contact areas, but also by the different image force barrier lowering of 

the contact junctions. Indeed, image force barrier lowering of the forced junction (the drain, C3) is 

higher, as the voltage is directly applied to it. Also, the reverse current at positive voltages is 

limited by the grounded junction at the source contact (C2). 

 

Figure 2.3 - Output (a) and transfer (b) characteristics of the device between C2 and C3 contacts, 
with C3 used as the drain and C2 as the grounded source.   

 

2.1.3. Electron beam irradiation on metal contacts 

During the characterization of samples or live viewing through SEM, devices are irradiated by 

electron beam. In this section the effect of electron beam irradiation on metal contacts is under 

study.  

Two set of exposures to the SEM e-beam has been performed, first focusing the beam on the drain 

contact C3, then on the grounded source C2. Each exposure lasted 300s, with a fluence of 

, over a surface of . A final exposure of the MoS2 channel to the e-beam was 

performed as well.  
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Figure 2.4 - (a) Output characteristics at 𝑉𝑔𝑠 = 0𝑉 performed after each exposure. Electron beam 

irradiates first contact C3, then contact C2. (b) Rectification ratio and (c) maximum forward and 
reverse current, at Vds=±5 V, as a function of the irradiation number. (d) Zero-bias Schottky barrier 
variation at the contact C2 and C3 as a function of the irradiation number. 

Figure 2.4 summarizes the obtained results. The output curves were measured at the end of each 

irradiation, ~120 s after the blanking of the e-beam, to allow cooling down. Starting from the 

bottom (black) line in Figure 2.4(a) representing the output curve of the unexposed device, the 

current increases with the e-beam exposures. At the start of each irradiation set, the sequence of 

the output curves shows a discontinuity. These two gaps have been caused by the uncontrolled 

exposure of the whole device during the selection of the contacts area (C3 and C2) for the next 

irradiation set. Moreover, there are two distinct effects of the irradiations on the drain and on the 

grounded source. Indeed, while, irradiating the drain, current increases both in forward and in the 

reverse, resulting in a rectification ratio almost constant (see Figure 2.4(b)) , the irradiation of the 

source, instead, make the reverse current increase in a faster way, rendering the output curves 

more symmetric. This results in a dramatically decrease of the rectification ratio (at Vds=±5 V) 
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while the ground source contact is irradiated. Besides, maximum reverse and forward currents at 

Vds=±5 V (displayed in Figure 2.4(c)) have different variation rates depending on which contact is 

irradiated. Figure 2.4(c) also shows that the increase of both the reverse and forward current is an 

exponential function of the fluence, which is proportional to and can be parametrized by the 

irradiation number. These results point to radiation induced Schottky barrier lowering. Indeed, the 

shape and the current intensity of the output characteristics are related to Schottky barrier 

heights at contacts, and both the exponentially increasing current and the changing rectification 

ratio suggest that something is changing. The energy release in the metal contacts can modify the 

chemistry of the metal/MoS2 interface or create stress and defects that can lead to a lowering of 

the barrier and a consequent contact resistance reduction. 

In the literature, the reduction of the contact resistance by chemical reactions between the metal 

contacts and the MoS2 has been reported81,88. It is also possible that diffusion of Au atoms to the 

interface with MoS2 occurs under the energetic e-beam irradiation. Au does not react with MoS2 

but reduces the contact resistance and therefore the Schottky barrier height89. Similarly, tensile 

strain has been demonstrated to induce considerable Schottky and tunneling barrier lowering90. 

Moreover, a Schottky barrier of ~0.2 eV is formed by several metals on MoS2 because of Fermi 

level pinning below the MoS2 conduction band91–93.  Density functional theory calculations have 

indicated that the pinning at metal-MoS2 interface is different from the well-known Bardeen 

pinning effect, metal-induced gap states, and defect/disorder induced gap states, which are 

applicable to traditional metal-semiconductor junctions. At metal-MoS2 interfaces, indeed, the 

Fermi level is pinned either by a metal work function modification, due to interface dipole 

formation arising from the charge redistribution, or by the production of gap states (mainly Mo d-

orbitals), characterized by the weakened intralayer S-Mo bonding due to the interface metal-S 

interaction94,95. The observed decrease of the Schottky barrier by e-beam irradiation, up to its 
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complete disappearance, supports the occurrence of interface modifications that cause Fermi 

level depinning.  

Schottky barriers as a function of the fluence (i.e. the e-beam irradiation number) can be extracted 

from Figure 2.4(a), considering that at negative and positive voltages, current is limited by the 

Schottky barrier respectively at the drain (C3) and at the source (C2) contact. The device output 

characteristic encloses two revers-biased junctions. Therefore, let us consider the thermionic 

current through a reverse biased Schottky barrier: 

 
In=Isn [e

eVa
nkT-1] = [𝑆𝐴2𝐷

∗ T3/2e-
eφBn

kT ]  [e
eVa
nkT-1] ≈−𝑆𝐴2𝐷

∗ T3/2e-
eφBn

kT  
(  2.1 ) 

where φBn and Isn are the barrier height and the reverse saturation current at the n-th e-beam 

irradiation, S is the junction area and 𝐴2𝐷
∗  is the 2D Richardson constant, k is the Boltzmann 

constant, T is the temperature, n is the ideality factor, and Va is the negative voltage across the 

barrier that makes  e
eVa
nkT  ≈ 0. Let us define Io as the reverse saturation current before e-beam 

exposure, i.e., associated to the maximum barrier height φB0. Both In and I0 are obtained by 

extrapolating the measured currents at zero bias to avoid the effect of bias which can induce 

image-force barrier lowering96. Then, Equation(  2.1 ) can be used to evaluate the variation of the 

Schottky barrier, ∆φBn=φBn-φB0, as a function of the irradiation number: 

 
ln (

In

Io
) =-

e∆φBn

kT
→ ∆φBn= -

kT

e
ln (

In

Io
)   

(  2.2 ) 

The zero-bias Schottky barrier variation, ∆φBn, is shown in Figure 2.4(d) for both source (C2) and 

drain (C3) contacts. The overall reduction of both barriers is comparable to the expected initial 

barrier height based on Fermi level pinning. It confirms that a long enough irradiation let the 

barriers disappear.  However, the plot indicates that irradiation on C2 and C3 affect the two 
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barriers in different ways. Indeed, the barrier decrease is faster when the grounded source is 

irradiated. Moreover, when the source contact C2 is irradiated, the Schottky barrier at the source 

contact decrease is more sloping than the Schottky barrier at the C3 contact. 

2.1.3.1. Explaining model 

To explain these results, we propose the model based on the energy band diagrams shown in 

Figure 2.5. When a voltage is applied to the drain contact C3, an upward (𝑉𝑑𝑠 < 0 𝑉) or a 

downward (𝑉𝑑𝑠 > 0 𝑉) shift of the energy bands in the drain region is caused. The red dashed lines 

in Figure 2.5 show how e-beam irradiation of the contact lowers the Schottky barrier and the 

relative built-in potential. The irradiation of one contact also affects the unexposed barrier, which 

can experience a stronger potential drop due to the reduced contact resistance of the irradiated 

contact, lowering itself.  

Figure 2.5(a) represents the situation in which the e-beam is focussed on the biased drain contact 

(C3). At 𝑉𝑑𝑠  <  0 𝑉, the current is limited mainly by the drain contact barrier, which is lowered by 

the successive irradiations, causing the exponential increase of the maximum forward current. At 

𝑉𝑑𝑠  >  0 𝑉, the current is limited by the unirradiated source contact (C2) barrier, and its 

dependence on the irradiation cycle is caused by the lowering of the built-in potential at the drain 

(C3). As the barrier and built-in lowering are almost the same, the rectification ratio remains about 

constant. When the grounded source C2 is irradiated (Figure 2.5(b)), the current increases due to 

the same mechanism. However, for 𝑉𝑑𝑠  >  0 𝑉, the drain contact barrier limits the current to a 

lesser extent, having been already irradiation-lowered. Therefore, the reverse current increases 

faster with the repeated irradiation and the rectification ratio decreases. 
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Figure 2.5 - Low-bias energy band diagrams (black) and their modification under electron 
irradiation (red) of C3 (a) and of C2 (b) contact resulting in barrier lowering (�̅�𝐵). 

 

2.1.3.2. The effect of the irradiation on the transfer characteristic 

Figure 2.6 shows the effect of the irradiation on the device transfer characteristic. It confirms the 

radiation-induced increase of the channel current. Moreover, Figure 2.6(a) shows that the e-

beam, wherever it is focussed on, causes a left shift of the transfer curve. The transfer curves are 

taken at the end of the two irradiation sets on the drain (C3) and grounded source (C2), and after 

two successive irradiations on the channel region.  

Such a shift corresponds to a decrease of threshold voltage, defined as the x-axis intercept of the 

linear fit of the transfer curve on linear scale. Figure 2.6(b) shows the threshold voltage as a 

function of the irradiation. The observed negative shift of the threshold voltage has been reported 

and discussed before68. Indeed, positive charges pile up in trap states of the SiO2 gate dielectric or 
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at the SiO2/Si interface. The e-beam irradiation produces electron-hole pairs in the SiO2 oxide and 

in the Si substrate. The applied bias can easily sweep the mobile electrons away, while positive 

charges can be stored for longer times68. These positive charges act as an extra gate and enhances 

the n-type doping of the channel, thus resulting in a left shift of the transfer curve. 

Confirming this, a slight recovery of the threshold voltage after 12 h annealing at room 

temperature is reported in Figure 2.6. However, the maximum channel current, which is limited by 

the contact resistances, remains unchanged after the annealing (Figure 2.6(a)), demonstrating 

that the irradiation-induced improvement of the contacts is permanent.  

 

Figure 2.6 - (a) FET transfer characteristics at Vds = -4 V before and after e-beam irradiations of 
contacts C3 and C2 as well as of channel. (b) Left shift of the threshold voltage extrapolated from 
the transfer characteristics over the e-beam exposure. 

 

2.1.3.3. Monte Carlo simulation 

To further confirm our model, a Monte Carlo simulation has been performed (CASINO software 

package97–99 to keep track of the electrons path under the contacts and in the channel region 

(Figure 2.7(a-b)). The software simulates a 10 keV beam with one million electrons and a radius 

beam of 10 nm. The cathodoluminescence spectrum and the penetration depth of electrons are 

reported in Figure 2.7(c). It shows that, when the e-beam is focused on the contacts, electrons 
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lose their energy and are stopped mostly in the Ti/Au metal stack. Instead, when the irradiation is 

performed directly on the channel, they can reach the Si substrate, where they are absorbed in. 

The high release of energy in the metal contacts, similarly to thermal annealing100,101, induces 

Ti/MoS2 reactions and creates contact with reduced Schottky barrier and contact resistance. 

Conversely, when we directly irradiate the MoS2 channel, energy is prevalently adsorbed in the Si 

bulk, and its effect manifest only through the positive charge traps generated in the SiO2 layer. 

 

 

Figure 2.7 - Monte Carlo simulation using CASINO v2 of e-beam irradiation of the device (a) 
contacts and (b) of the MoS2 channel. (c) Simulated cathodoluminescence intensity through the 
sample, with the e-beam focused onto contacts and onto the flake. (d) Simulation of the electron´s 
penetration depth through the sample.  
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2.2. MoS2 Gate controlled field emission 

MoS2 have been considered a good candidate for field emission devices. In general, all TMDs possess 

atomically sharp edges and localized defects that enhance the local electric field and enable the extraction 

of a field emission current at low turn-on voltage. As discussed in Chapter 1, Field emission (FE) is a 

quantum mechanical phenomenon in which electrons, extracted from a conductor or a semiconductor 

surface under application of an intense electric field, move in vacuum from a cathode to an anode. 

Examples of field emission applications are electrically-operated floating-gate memory cells102,103, electron 

microscopy104 and e-beam lithography105, display technology106 and vacuum electronics107. FE current from 

MoS2 flakes with a low turn-on field and a high field enhancement factor has been reported from both the 

edges and the flat part of few-layer MoS2 flakes108,68,109,110. The intrinsic n-doping of MoS2, possibly 

controlled by a back gate111, paves the way for future MoS2 FE applications. 

As a parallel result, the MoS2 FET has been analysed as a gas sensor. The electrical properties of two-

dimensional (2D) materials are sensitive to ambient gases and pressure variation112. Indeed, it has been 

reported that the adsorbed gases on the MoS2 channel of FETs result in degradation of device 

conductance, in enhanced hysteresis and in threshold voltage shifting113,112,114. Conversely, vacuum 

annealing can increase the MoS2 device conductance by desorbing the gas molecules. 

2.2.1. Fabrication, schematic layout and material characterization 

Following the fabrication process described in paragraph 2.1.1, MoS2 flakes have been synthesised 

and then selected to fabricate FET through standard photolithography and lift-off processes. 

Figure 2.8(a-b) show the SEM top view of a typical device and its schematic layout and biasing 

circuit. The Si substrate is the back-gate while the evaporated Ti/Au (10/40 nm) electrodes are the 

source and the drain of the FET. The flakes are monolayer according to the PL and Raman 

characterization performed before metal deposition. The spectra of Figure 2.8(c-d) show a PL peak 

at 1.85 eV and a separation about 20 cm-1 between 𝐸2𝑔
1   and the 𝐴1𝑔 Raman mode typical of the 
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monolayer. Raman and electrical measurements have been carried out using the same tools and 

settings described in paragraph 2.1.1. 

 

Figure 2.8 - (a) SEM images of the MoS2 device. (b) MoS2 FET layout and schematic of the common 
source configuration used for the electrical characterization. (c) Photoluminescence and (d) Raman 
spectra of monolayer MoS2 before metal deposition. 

In the following, the electrical characterization refers to the transistor between the contacts 

labelled as C2 and C3 in Figure 2.8(a), where two flakes in parallel are involved. The contact C3 

constitutes the drain and C2 the grounded source (Figure 2.8(b)). The red-dashed square in Figure 

2.8(a) highlights the edge of the MoS2 flake that was used for field emission measurements with 

the electrode C2 as the cathode and one of the SEM tips as the anode. 

2.2.2. The effect of pressure 

To prove the device as a pressure/gas sensor, the MoS2 FET has been standard characterized, 

measuring an output and a transfer characteristic in high vacuum (about 10-6 Torr). Figure 2.9(a), 



52 
 

showing the output characteristic, suggests the formation of Schottky barriers at contacts, 

probably due to Fermi level pinning above the midgap of MoS2 115–117. Besides, the device shows a 

n-type behavior, as displayed in Figure 2.9(b), revealing an on/off ratio higher than five orders of 

magnitude, a subthreshold slope SS = 7.6 V/decade and carrier mobility up to 20 cm2V-1s-1. 

The n-type conduction is a well-known MoS2 feature in literature, and it has been attributed to the 

Fermi level pinning as well as to the intrinsic n-doping of MoS2 due to defects such as S 

vacancies.116,118  

 

Figure 2.9 - Output (a) and transfer (b) characteristics of the device between C3 and C2 contacts, 
with C3 used as the drain and C2 as the grounded source. The transfer characteristic is shown on 
both logarithmic and linear scale. Transfer characteristics for (c) increasing and (d) decreasing air 
pressure. 

If air is letting enter the chamber, air pressure raises, and it has effects on the current flowing in 

the channel. Going from 10-6 Torr to atmospheric pressure, the on current decreases, as reported 

(a)

(c)

(b)

(d)
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in Figure 2.9(c). The effect of pressure is reversible as demonstrated by the set of curves of Figure 

2.9(d), measured for decreasing pressure. The degradation of conductance with increasing 

pressure, in some cases resulting in the dramatic transformation from n-type to p-type 

conduction, has been mainly attributed to adsorbed oxygen and water that act as interface traps 

and scattering centers with a density in the order of 1012 cm−2 eV−1 , reducing the n-type doping of 

the channel.119–123 

2.2.3. Fowler-Nordheim Field Emission 

Using a tip as anode and the contact C2 as the cathode (Figure 2.10(a)), a field emission current 

flows into the device. The tip was positioned at fixed distances from the edge of the flake, and the 

voltage on the tip was increased monitoring the current. 

Figure 2.10(b) shows two sets of field emission current measurements performed at different 

anode-cathode distances, using the setup reported in the inset. They show repeatable FE current 

occurring with a 100-120 𝑉𝜇𝑚−1 turn-on field, defined as the field to which the current emerges 

from the noise floor. 

According to the Fowler–Nordheim (FN) model, the FE current from a semiconductor can be 

described as:124 

 

 
𝐼𝐹𝐸 = 𝑆𝑎

𝐸𝑆
2

𝜒
𝑒

−𝑏
𝜒3/2

𝐸𝑠   
( 2.3 ) 

where S is the emitting surface area, 𝑎 =  1.54 ×  10−6  𝐴 𝑉−2eV and 𝑏 =  6.83 ×

 107  𝑉 𝑐𝑚−1  𝑒𝑉−3/2 are constants, 𝐸𝑆 (𝑉𝑐𝑚−1) is the electric field at the emitting surface and χ 

is the electron affinity of the emitting material. The electric field 𝐸𝑆 = 𝛽
𝑉

𝑘∙𝑑
, with β the so-called 
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field enhancement factor, i.e. the ratio between the electric field at the sample surface and the 

applied field , and  a phenomenological factor accounting for the spherical shape 

of the tip.125,126  

The Fowler–Nordheim equation (Equation( 2.3 )) leads to the linear behaviour of the so-called FN 

plot of  of Figure 2.10(c), which allows estimating the β factors as 16.5 and 

17.0 for 200 nm and 400 nm distances, respectively. FE current stability is demonstrated for about 

25 minutes in Figure 2.10(d), with a standard deviation of about 15%.  

 

Figure 2.10 - (a) SEM image of the MoS2 flake used for the measurement of field emission. The W-
tip works as the anode while the Ti/Au lead is the cathode. (b) Field emission measurements 
performed at two different distances using the setup in the inset. (c) Fowler-Nordheim plot reveals 
a field enhancement factor of about 16.5 and 17.0 at distances 200 nm and 400 nm distances, 
respectively. (d) Field emission current stability with the tip anode at distance d=200 nm and with 
75 V bias. In the inset the histogram with standard deviation of about 15%. 

 

(c) (d)

(a) (b)
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2.2.4. Gate controlled Field Emission 

The MoS2 channel can be electrically n-doped by applying a positive voltage on the back gate. If 

conduction electrons increase, the tunneling probability also increases, thus increasing the field 

emission current.  

Figure 2.11(a) confirms an increasing field emission current for increasing gate voltages. 

 

Figure 2.11 - (a) Field emission current measured at d=200 nm for increasing gate voltage. A 
schematic of the used setup is shown in the inset. (b) Corresponding Fowler-Nordheim plot showing 
linear behaviour of the  curves. (c) Field enhancement factor as a function of 
the gate voltage. (d) Transfer characteristics at various anodic voltages V showing the exponential 
growth of the FE current for increasing Vgs. 

 

Figure 2.11(b-c) show the corresponding FN plot and the extracted field enhancement factor, 

respectively. The field enhancement factor grows with increasing Vgs, but it is an artifact related to 

the enhanced MoS2 doping level rather than to a real field enhancement. These results provide 
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the proof-of-concept of a new MoS2 FET based on FE. The transfer characteristic of the device, at 

different anode voltages V, are shown in  

Figure 2.11(d).  

These results can be explained considering that the applied gate and anode voltages lower the 

MoS2 electron affinity, as follows: 

  ( 2.4 ) 

where  is the electron affinity at zero bias, and C is a constant which accounts for the 

gate efficiency. The applied voltage also reduces the barrier width, as displayed in Figure 2.12(a).  

Substituting Equation ( 2.4 ) in Equation( 2.3 ), the FE current can be written as: 

 
 

( 2.5 ) 

where we have introduced the new constants  and  for simplicity. 

Figure 2.12(b) confirms the consistency of the model, showing how Equation( 2.5 ) fits the 

experimental data. 

 

Figure 2.12 - (a) MoS2-vacuum band diagram at zero bias and at positive gate and anode bias. The 
applied voltages reduce the MoS2 electron affinity as well as the barrier width (coloured shapes) 

enabling electron tunneling. (b) Subset of data of  
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Figure 2.11(d) with fit provided by Equation( 2.5 ), demonstrating the consistency of the proposed 
model.  
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2.3. Platinum diselenide FET 
 

𝑃𝑡𝑆𝑒2 falls within the so-called noble TMDs formed by Group-10 noble elements (𝑃𝑡, 𝑃𝑑, and so 

on) and chalcogens (𝑆, 𝑆𝑒, or 𝑇𝑒). The main peculiarity of noble TMDs is that d-electrons 

completely occupy their d-orbitals, resulting in the highly hybridized 𝑃𝑧 orbitals and strong 

interlayer interaction. Therefore, they present relatively small and widely tuneable bandgaps 

compared to traditional TMDs, which combined with high mobility and environmental stability 

make them of great interest for possible optoelectronic applications. For these reasons, 𝑃𝑡𝑆𝑒2, is 

currently the subject of intense research activity.127–129 Bulk 𝑃𝑡𝑆𝑒2 is a gapless semimetal130 for 

which theoretical studies have predicted a band gap emergence when reduced to monolayer.131 

Wang et. Al. through epitaxial growth by direct selenization of the material experimentally 

demonstrated that monolayer 𝑃𝑡𝑆𝑒2 has a band gap of 1.2 𝑒𝑉.132 Due to its thickness-dependent 

semimetal-to-semiconductor transition, 𝑃𝑡𝑆𝑒2 is a suitable candidate for electronic133 and 

optoelectronic applications.134 Nowadays, 𝑃𝑡𝑆𝑒2 is attracting great research attentions due to its 

high carrier mobility129, high chemical activity,135 and low formation temperature.136 Yim et al. 

have shown that 𝑃𝑡𝑆𝑒2 films, transferred onto silicon substrates, form diodes working as both 

photodetectors and photovoltaic cells.137 Furthermore, theoretical studies have indicated that 

𝑃𝑡𝑆𝑒2 has adsorption energy for gases like 𝑁𝑂2 and 𝑁𝐻3 lower than 𝑀𝑜𝑆2 and graphene.138  Su et 

al. have recently reported stable gas sensing performance of 𝑃𝑡𝑆𝑒2 under strains induced by 

different selenization temperatures.139 𝑃𝑡𝑆𝑒2 has weak chemical reactivity with oxygen that is 

physically adsorbed on its surface and can be removed by vacuum annealing, heating, or 

irradiation.140 The interaction of 𝑂2  with 𝑃𝑡𝑆𝑒2 is an important process to understand because it 

can deeply affect the transport properties of the material.  The adsorption process does not lead 

to structural or chemical changes of the material but induces p-type doping as electrons can 

transfer to oxygen molecules and cause hole formation inside 𝑃𝑡𝑆𝑒2. 
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In the next paragraphs, the effect of temperature, air pressure, and light irradiation on the 

transport properties of multilayer 𝑃𝑡𝑆𝑒2 back-gated field-effect transistors are reported. The 

devices show p-type conduction and electrical conductivity that increases with the rising 

temperature and air pressure. They exhibit both negative and positive photoconductivity, 

depending on the air pressure. Negative photoconductivity (NPC) is observed at atmospheric 

pressure as light irradiation by a white source reduces the 𝑃𝑡𝑆𝑒2 conductance. Conversely, in high 

vacuum, the material exhibits positive photoconductivity (PPC). The physical origin of this 

mechanisms is the pressure- or light-induced desorption of oxygen, which acts as a charge transfer 

dopant, affecting the 𝑃𝑡𝑆𝑒2 conductance. To provide atomistic insight, first principles calculations 

have been performed to study the interaction of physisorbed oxygen molecules with 

semiconducting 𝑃𝑡𝑆𝑒2. They demonstrate that adsorption of oxygen on 𝑃𝑡𝑆𝑒2 surface induces 

holes in the 𝑃𝑡𝑆𝑒2 material, increasing its conductivity, consistently with the experimental 

observations. 

2.3.1. Sputtering and selenization processes  

Sputtering has been used to obtain a homogeneous 𝑃𝑡 film (nominal thickness 0.7 𝑛𝑚). 𝑃𝑡 was 

directly sputtered over an 𝑆𝑖/𝑆𝑖𝑂2 substrate (85 𝑛𝑚 thermally grown oxide on p-type silicon, 

𝜌 ~ 0. 001 −  0.005 Ω𝑐𝑚). After that, a direct selenization process inside a two-zone furnace was 

performed.  The upstream zone with 𝑆𝑒 pellets was heated to 220 °𝐶 while the downstream zone 

housed the 𝑃𝑡 film at 400 °𝐶 for the selenization process.137 The obtained 𝑆𝑒 vapor was carried to 

the downstream zone through an 𝐴𝑟: 𝐻2 (90%:10%) flow at 150 sccm, where it reacted with the 

𝑃𝑡 films for 2 hours to completely convert it into a 𝑃𝑡𝑆𝑒2 ultrathin film. During the process, the 𝑆𝑒 

infiltrated into the 𝑃𝑡 film causing the formation of 𝑃𝑡𝑆𝑒2 and a film thickness expansion by a 

factor of ~3.5– 4.141 Then, the compound was cooled down to room temperature. The final 
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thickness of the 𝑃𝑡𝑆𝑒2 film, as revealed by TEM analysis, is about 3 𝑛𝑚 corresponding to 6 

layers.142  

A polymer-based process was used to transfer the obtained 𝑃𝑡𝑆𝑒2 film onto a fresh 𝑆𝑖/𝑆𝑖𝑂2 

substrate. Hence, 𝑆𝐹6-based inductively coupled plasma etching process with photoresist masking 

was performed to obtain the desired pattern. Standard photolithography and lift-off processes 

were carried out to fabricate 𝑁𝑖: 𝐴𝑢 (20 𝑛𝑚: 150 𝑛𝑚) metal contacts. The highly doped 𝑆𝑖 

substrate was used as the gate electrode. An optical image of the device is shown in the inset of 

Figure (2.1 d).  

2.3.2. Photoconductivity measurements and DFT calculation setups 

For the electrical characterization, devices were measured in two- and four-probe configurations 

in a Janis Probe Station (Janis ST-500 probe station) equipped with four nanoprobes connected to 

a Keithley 4200 SCS (semiconductor characterization system), working as source-measurement 

unit with current sensitivity better than 1 pA. The electrical measurements were performed by 

lowering the pressure from 1 𝑏𝑎𝑟 (room pressure) to 10−5 𝑚𝑏𝑎𝑟 and at different temperatures 

from 292 K to 392 K. The air in the chamber was evacuated by a rough and a turbo pump. The 

photoconductivity was tested by irradiating the devices with a super-continuous white laser 

source (NKT Photonics, Super Compact, wavelength ranging from 450 𝑛𝑚 to 2400 𝑛𝑚, at 

50 𝑚𝑊/𝑚𝑚2).  

First-principles calculations were performed within the framework of density functional theory 

(DFT) as implemented in QuantumATK.143 Linear combination of numerical atomic-orbital (LCAO) 

basis set and generalised gradient approximation (GGA) with norm-conserving pseudopotentials 

from PseudoDojo144 were employed in the simulations, where the semi-core 2s, 2p and 3d states 

for oxygen, 5s, 5p, 5d, 4f, 6s and 6p states for 𝑃𝑡, and 4s, 4p, 4f,  and 3d states for 𝑆𝑒 have been 
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retained as valence electrons. Brillouin-zone integrations were performed over a grid of k points 

generated according to the Monkhorst-Pack scheme145 with a density of approximately 12 k-points 

per angstrom. Energy cut-off of 125 Ha has been considered for discretized grid and all structural 

relaxation was performed with the maximum force of less than 0.005 𝑒𝑉 Å−1.146 Van der Waals 

correction to the GGA functional147 to correct the London dispersion is adopted for analysing the 

oxygen functionalization of 𝑃𝑡𝑆𝑒2. To analyse the effects of the oxygen adsorbate on 𝑃𝑡𝑆𝑒2 

surface, a single oxygen molecule on a 3 × 3 × 1 bilayer 𝑃𝑡𝑆𝑒2 supercell, corresponding to the 

density of ~9 × 1013 𝑐𝑚−2, has been considered. The slab in the supercell is infinite and periodic 

in the x- and y-directions (parallel to the slab surface) and is finite along the z-direction (normal to 

the slab surface). The thickness of the vacuum region along z-direction is larger than 20 Å to avoid 

any interaction between the periodic images of the neighbouring films. In the slab model 

calculation with adsorbate on the surface, an artificial macroscopic electrostatic field exists due to 

the periodic boundary conditions.148 In order to avoid this artificial field in the 𝑃𝑡𝑆𝑒2 slab with 

oxygen molecule on the surface, we considered mixed Neumann and Dirichlet boundary 

conditions at the oxygen and 𝑃𝑡𝑆𝑒2 sides of the slab, respectively, which provides an alternative 

approach for the dipole correction in the slab calculations.143  

2.3.3. Basic transistor characterization 

Among the typical TMDs morphologies discussed in the Chapter 1, 𝑃𝑡𝑆𝑒2 presents a 1T crystal 

structure with octahedral coordination (in which six selenium atoms are bonded to a platinum 

atom located at the centre, as shown in Figure 2.13(a)), resulting in a 𝑃𝑡 layer sandwiched 

between 𝑆𝑒 layers.149 Transmission electron microscope (TEM) was used to collect an image of the 

𝑃𝑡𝑆𝑒2 flake used for the electrical characterization, as shown in Figure 2.13(b), revealing a 

thickness of about 3 𝑛𝑚 corresponding to 6 atomic layers.142  
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First, to investigate the basic properties of the transistor at room temperature, output and 

transfer characteristics have been measured. They are reported in Figure 2.13(c-d). 

The output characteristics exhibit a linear behaviour (Figure 2.13(c)). The application of the gate 

voltage affects the overall conductance of the transistor, showing a typical p-type behaviour with 

higher conductance at negative . This is reported in the transfer characteristic (Figure 2.13(d)), 

where the gate voltage range (from  to ) was intentionally limited to avoid leakage or 

breakdown of the  gate oxide. 

 

Figure 2.13 - (a) Crystal structure of two-dimensional  showing an octahedral geometry with 
six selenium atoms bonded to a platinum atom located at the centre. (b) TEM image of a  
film revealing a thickness of about  corresponding to 6 layers. (c) Output characteristics 
acquired in 2-probe configuration for different gate voltages. The inset shows the channel 
resistance as function of the gate voltage. (d) Transfer characteristic recorded at . The 
dashed red line shows the linear fit used to obtain the field-effect mobility. The inset shows an 
optical image of the device.  and  represent the width and the length of the selected channel, 
respectively.3 
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The intrinsic p-type doping has been reported in previous works and can be attributed to 𝑃𝑡 or 𝑆𝑒 

vacancies and to the effect of oxygen adsorbates on the channel surface.133,140,141 Furthermore, 

the use of 𝑁𝑖 as the contact material facilitates hole injection as the 𝑁𝑖 Fermi level aligns to the 

top of the valence band of 𝑃𝑡𝑆𝑒2. The field-effect mobility, defined in Equation( 1.11 ), has been 

obtained through the linear fit of the transfer curve ( where 𝐿 = 4 𝜇𝑚 and 𝑊 = 10 𝜇𝑚 were 

channel length and width, respectively, 𝐶𝑜𝑥 =
𝜖0∙𝜖𝑆𝑖𝑂2

𝑡𝑆𝑖𝑂2

= 4.06 ∙ 10−8 𝐹

𝑐𝑚2
 was the capacitance per 

unit area of the gate dielectric with 𝜖0 = 8.85 ∙ 10−14 𝐹

𝑐𝑚
, 𝜖𝑆𝑖𝑂2

= 3.9 and 𝑡𝑆𝑖𝑂2
= 85 𝑛𝑚 the 

vacuum permittivity, the 𝑆𝑖𝑂2 relative permittivity and thickness, respectively; 𝑉𝑑𝑠 = 0.1 𝑉 is the 

voltage bias between drain and source). The obtained 𝜇𝐹𝐸 ≈ 1 𝑐𝑚2𝑉−1𝑠−1 is comparable with the 

other fabricated 𝑃𝑡𝑆𝑒2 devices.141,150 

2.3.4. Temperature and pressure dependent electrical properties 

To investigate how temperature and pressure influence the 𝑃𝑡𝑆𝑒2 electrical transport properties, 

output and transfer characteristics were measured in the 292 −  392 𝐾 temperature range and at 

different air pressures of 103, 1 and 10−5 𝑚𝑏𝑎𝑟. An increasing current/conductance with both 

rising temperature and air pressure was found, without any other apparent change in the 

behaviour of the device. Figure 2.14(a) shows that the conductance 𝐺 increases as the 

temperature rises, confirming a semiconducting behaviour. The air pressure also affects the 

conductance of the device. Indeed, the device is more conductive at atmospheric pressure than in 

vacuum. This effect is caused by oxygen that acts as a p-type dopant for the material,151 but it will 

be further discussed in the next paragraphs.  
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Figure 2.14 – (a) Channel conductance, (b) field-effect mobility and (c) carrier density as a function 
of temperature for 1 𝑏𝑎𝑟 (black dots), 1 𝑚𝑏𝑎𝑟 (red dots), 10−5 𝑚𝑏𝑎𝑟 (green dots).3 

Figure 2.14(b) shows that the mobility depends weakly on environmental pressure below 350 K 

and also depends on temperature152. When the temperature rises beyond 350 K, ionized impurity 

scattering and phonon scattering balance each other with a slight predominance of phonon 

scattering, which becomes relevant.  

Having obtained 𝜇𝐹𝐸(𝑇) and 𝐺(𝑇) at each of the considered pressures, it is possible to estimate 

the carrier density per unit area 𝑛 (in 𝑐𝑚−2) as a function of temperature for each pressure from 

the following equation: 

𝑛(𝑇) =
1

𝑞𝜌(𝑇)μ(𝑇)
 

( 2.6 ) 

The carrier density, reported in Figure 2.14(c), shows the typical semiconductor behaviour, as it 

increases with the rising temperature. The obtained carrier concentration of about 1013 𝑐𝑚−2 is 

comparable with the one reported from Hall measurements carried out on similar devices.133 

Moreover, at atmospheric pressure, the carrier density is larger than in high vacuum. This could be 

due to enhanced adsorption of oxygen on the channel surface at higher pressure that leads to 

increased p-type doping. 
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2.3.5. Light irradiation response: negative photoconductivity 

Apart from the standard characterization, the investigation was focused on the 𝑃𝑡𝑆𝑒2 electrical 

response to light irradiation. Figure 2.15(a) shows 𝐼𝑑𝑠 − 𝑉𝑑𝑠 characteristics measured at air 

pressures of 1 𝑏𝑎𝑟 and 10−5 𝑚𝑏𝑎𝑟 both in dark and under white light irradiation. In high vacuum 

the light irradiation causes an increase in the conductivity as expected for a semiconducting 

material. Conversely, at atmospheric pressure, a reduction in conductivity, i.e., a negative 

photoconductivity, is observed under illumination. 

The linearity of the output characteristics of Figure 2.15(a) indicates and ensures that the current 

is not reduced by the formation of a Schottky barrier at metal/𝑃𝑡𝑆𝑒2 interface but rather by a 

decrease in channel conductivity. 

To further investigate the optoelectronic behaviour of 𝑃𝑡𝑆𝑒2, the electrical conduction of the 

device under light irradiation at different air pressures was measured. The super-continuous light 

source power was set to 20 𝑚𝑊/𝑚𝑚2 and switched on and off every 3 minutes.  

Figure 2.15(b) shows the device channel current under irradiation, measured at 𝑉𝑑𝑠 = 0.1 𝑉 and 

𝑉𝑔𝑠 = 0 𝑉. At the pressure of 10−5 mbar, the device exhibits a photocurrent of ~80𝑛𝐴. At this 

pressure regime, photocurrent is likely dominated by extrinsic photoexcitation, i.e. transitions 

involving deep trap states, which increases the material conductivity with a characteristic time of 

72 𝑠. Photoexcitation from deep trap states can result in long response times153. Indeed, 

photocurrent with rising and falling times of dozens seconds have been reported in similar devices 

with 2D materials such as 𝑀𝑜𝑆2
154,155 or 𝑅𝑒𝑆2

153,156. From first-principles calculations, it has been 

demonstrated that the formation of deep trap states can be caused by 𝑆𝑒 antisites at 𝑃𝑡 sites, as 

well as by 𝑃𝑡 and 𝑆𝑒 vacancies142.   
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Figure 2.15 – (a)  characteristics in dark (continuous lines) and under super-continuous 
450-2400 nm light source irradiation (dashed lines), recorded at  (black lines) and  
(red lines). The inset shows a schematic of the device under light irradiation. The laser spot of 
about  was located between the two contacts to completely cover the channel. (b) Current 
vs time characteristics at  (black line),  (red line),  (green line) under 
switching light. The laser was switched on (yellow zone) and off (white zone) every 3 minutes. (c) At 

, in dark, the large amount of oxygen adsorbed on  traps electrons at the surface and 
induces p-type doping in the material. (d) When the device is exposed to light, oxygen is removed 
from the surface. Free electrons are trapped or recombine with holes reducing the density of 
available carriers and resulting in a negative photoconductivity. (e) At  the amount of 
adsorbed oxygen is limited and so is the p-type doping of the material. (f) When the device is 
exposed to light, the photogenerated electron-hole pairs and charge-carrier detrapping increase 
the conduction in the material, leading to a positive photoconductivity.3 

When the light is switched off, recombination and carrier trapping make the current to return to 

its initial value. The photoresponsivity  of the device (defined in the following paragraph 3.2.1) 

(with ) is , comparable with similar phototransistor realized with both  
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and different 2D materials. Indeed, Wang et al.157 reported a low photoresponsivity of 0.19
𝑚𝐴

𝑊
 for 

𝑃𝑡𝑆𝑒2 phototransistors measured under incident light at 1550 𝑛𝑚 and when 𝑉𝐷 = 5 𝑉, mainly 

ascribed to insufficient absorption of incident light of the material. Yu et al. showed that such 

absorption, and thus the photoresponsivity, can be improved by hybridizing 𝑃𝑡𝑆𝑒2 with a photonic 

waveguide.158 A good way to enhance the photoresponsivity is the use of different substrates. 

Indeed, Li et al.159 reported that few-layer 𝑃𝑡𝑆𝑒2 on ℎ − 𝐵𝑁 substrate can reach a 

photoresponsivity as high as 1.56 ∙  103 𝐴 𝑊−1. Similar studies, conducted on other 2D materials, 

have demonstrated that the photoconductivity can range from few 
𝑚𝐴

𝑊
 from graphene-based 

devices160 until to 106 𝐴

𝑊
 for black-phosphorus photodetectors.161  

At the pressure of 1 𝑚𝑏𝑎𝑟, a different behavior is observed. The higher dark current can be 

ascribed to the interaction between the material surface and the environmental oxygen. When 

the light is switched on, a sudden increase, appearing as a small step-up, is observed in the 

current. Such a step is followed by a steady decrease. When the light is switched off, the current 

suddenly drops with an analogous small step-down and then increases slowly, without attaining its 

initial value. The successive light pulses result in a further overall decrease of the current.  

A similar, but more dramatic behaviour, is observed at atmospheric pressure. In this case, when 

the device is illuminated, the current decreases faster and recovers only partially when the light is 

switched off.  

The reduction of current during illumination is known as negative photoconductivity and has been 

observed in other materials.162,163 Its origin has not yet been fully understood although most 

studies attribute it to a photogating effect,151 an electronic transition to the defect state levels164 

or interaction with adsorbates.165,166  
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The photogating effect is observed when electron-hole photogeneration occurs in 𝑆𝑖 or 𝑃𝑡𝑆𝑒2 

followed by charge trapping at the interface with 𝑆𝑖𝑂2. Indeed, favoured by the vertical up-

bending of the 𝑆𝑖 bands, photo-generated holes can be trapped at the 𝑆𝑖/𝑆𝑖𝑂2 interface acting as 

a positive gate that lowers the channel conductance.151 However, this phenomenon should be 

independent of the external pressure.  

Even if rise and fall time are quite long, the conductance modulation cannot be due to light 

induced heating and cooling. Indeed, Figure 2.14(a) shows that the conductivity of the device 

increases with the temperature independently from the external pressure, hence a thermal effect 

would not be able to explain the negative photoconductivity at atmospheric pressure. Although 

the photogating and the thermal effects could play a role, the results of Figure 2.15(b) suggest 

that other mechanisms take place and dominate the optoelectronic behaviour of 𝑃𝑡𝑆𝑒2. The 

dependence on pressure suggests that such mechanisms involve adsorption and desorption of air 

molecules.140  

Figure 2.15(c-d-e-f) display the physical mechanisms behind this phenomenon. At atmospheric 

pressure there is a large amount of oxygen molecules adsorbed on the material surface, as shown 

in Figure 2.15(c). Such adsorbates attract free electrons from 𝑃𝑡𝑆𝑒2 leaving holes inside the 

material. These holes are responsible for the p-type conductivity and the higher carrier density 

measured at atmospheric pressure. When the material is exposed to light, oxygen is easily 

removed from the surface167 and the free electrons can recombine with the holes in the material, 

as shown in Figure 2.15(d). A similar behaviour has been already reported for 𝑀𝑜𝑆2 

phototransistors.168 Indeed, it has been shown that the use of sufficiently short wavelength light 

source causes desorption of water and oxygen molecules affecting both the responsivity and the 

response time of the devices. Moreover, although not explicitly shown in Figure 2.15(d), the 

presence of environmental humidity, which  can be removed through light illumination168, can also 
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affect the conductivity of the device acting as positive dopants. The outcome of the process is a 

decrease in the total concentration of carriers which results in the observed decrease in the 

conductivity of the material.  

When the pressure is decreased to 10−5 𝑚𝑏𝑎𝑟, adsorbed oxygen is partially removed from the 

surface resulting in the reduced conductivity of the material, as shown in Figure 2.15(e). In this 

case, when the channel is exposed to light, the dominant process is the photogeneration of 

electron-hole pairs and charge detrapping. The excess carriers increase the conductivity of the 

material, leading to the observed positive photoconductivity (Figure 2.15(f)).  

At the intermediate pressure of 1 𝑚𝑏𝑎𝑟 both processes coexist. Indeed, when the light is first 

turned on, a step-up in conductivity is observed due to the photogeneration of electron-hole pairs, 

which is a fast process. Then, the neutralization and desorption of oxygen, which is a slower 

process, induces a slow decrease of current. When the light is switched off, a step-down in the 

current is caused by excess electron-hole recombination, followed by a slower current increase 

due to oxygen re-adsorption on the 𝑃𝑡𝑆𝑒2 surface. 

2.3.6. DFT calculations: the effect of physisorbed oxygen 

In this paragraph, the results from DFT calculations that were used to clarify the impact of 

physisorbed oxygen molecules on the semiconducting 𝑃𝑡𝑆𝑒2 surface are reported. A single oxygen 

molecule on a bilayer 𝑃𝑡𝑆𝑒2 supercell has been considered. Although the experimental film is 

composed by 6-layers, the DFT calculations was performed on bilayer 𝑃𝑡𝑆𝑒2 because of the well-

known underestimation of the bandgap in DFT-based calculations.133 Thinner (bilayer) 𝑃𝑡𝑆𝑒2 was 

considered in the DFT calculations to be consistent with the experiments in achieving 

semiconducting film with comparable bandgap values.  As the size of the supercell is larger than 

the primitive cell, the corresponding first Brillouin zone is smaller. Hence, the 𝑃𝑡𝑆𝑒2 slab plus 
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o ygen molecule band structure (supercell structure  is “folded” into the first Brillouin zone. 

Consequently, to be able to directly compare the folded bands with the reference band structure 

of the 𝑃𝑡𝑆𝑒2 primitive cell, i.e. 𝑃𝑡𝑆𝑒2 unit cell without oxygen adsorbate, a procedure known as 

“unfolding” has been employed to unfold the primitive cell Bloch character hidden in the supercell 

eigenstates.169,170 The unfolded band structure of the 𝑃𝑡𝑆𝑒2 slab plus oxygen molecule is displayed 

as a contour plot in Figure 2.16(a). The primitive 𝑃𝑡𝑆𝑒2 band structure is shown by white dashed 

lines as reference in this figure and the energies are referenced to the Fermi energy (𝐸𝐹). As can 

be conspicuously seen by comparing the two band structures, the unfolding method reveals a 

rather remarkable shift of the 𝐸𝐹 towards lower energies, i.e., p-type characteristic, due to the 

presence of the oxygen adsorbate, while the band structure of the 𝑃𝑡𝑆𝑒2 is rather unperturbed.  

Figure 2.16(a) also shows the oxygen molecule-induced states are created near the EF closer to 

the 𝑃𝑡𝑆𝑒2 valence band edge. The nature of these states can be identified through the unfolded 

band structure, where these states exhibit expected almost dispersionless energy states in the 

band structure. The density of states (DoS) at the same energy window, with and without the 

oxygen molecule on the 𝑃𝑡𝑆𝑒2 surface, are presented in Figure 2.16(b), illustrating the band 

alignment of the two structures. The occupied double states shown in green are associated with 

the physisorbed oxygen molecule.  



71 
 

 

Figure 2.16 - (a) Unfolded band structure of the semiconducting PtSe2 with a physisorbed oxygen 
molecule on the surface using a contour plot of total weight intensity as a function of wave vector 
in the two-dimensional Brillouin zone. Red (blue) represents high (low) spectral weights. The band 
structure of the  without an oxygen molecule is shown using white dashed lines. Energies are 
referenced to the Fermi energy. (b) DoS of the  film with and without oxygen adsorbate on 
the surface. The Fermi level is at the zero of energy as shown by the grey dashed line. The p-type 
character of the system with an oxygen molecule is evident. The energy states illustrated in green 
correspond to the oxygen molecule. (c) Plane-averaged charge difference density ( ) 
superimposed on the  atomic structure with an oxygen molecule, aligned to the z-direction 
(x-axis) (upper panel in blue) and charge transfer ( ) (lower panel in red) of the structure 
referenced to the PtSe2 supercell without oxygen molecule. (d) and (e) Top-view and side-view of 
the  CDD isosurface, demonstrating the effects of oxygen adsorbate on the charge 
distribution in the lateral direction (x-y plane) and along the z-direction, respectively. Red (blue) 
represents accumulation (depletion) of electrons referenced to the  supercell without oxygen 
molecule. Scale bars in d) and e) are .3 
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To quantify the charge transfer to/from the molecule, plane-averaged charge difference density 

(CDD), 𝛥𝜌(𝑧), along the z-direction is calculated by integrating 𝛥𝜌(𝑟) within the x-y plane. 

Accordingly, for a plane located at distance z normal to the 𝑃𝑡𝑆𝑒2 plane, the amount of charge 

transfer is obtained using ∆𝑄(𝑧) = ∫ ∆𝜌
𝑧

−∞
(𝑧′) d𝑧′. To analyse the charge interaction between the 

oxygen adsorbate and the semiconducting 𝑃𝑡𝑆𝑒2 film, the plane-averaged 𝛥𝜌(𝑧) referenced to 

the 𝑃𝑡𝑆𝑒2 supercell without oxygen adsorbate, is plotted together with the amount of charge 

transfer 𝛥𝑄(𝑧) in the upper and lower panel of Figure 2.16(c), respectively. As can be seen, the 

oxygen molecule acts as an electron acceptor by gaining ~0.004 𝑒 at the interface from 𝑃𝑡𝑆𝑒2 (𝑒 

is the elementary charge of an electron). The top-view and side-view of the iso surface of the CDD, 

referenced to the 𝑃𝑡𝑆𝑒2 supercell without oxygen adsorbate, are depicted in Figure 2.16(d-e), 

respectively, where red (blue) represents accumulation (depletion) of electrons. Notably, although 

the lateral redistribution of charges upon oxygen adsorption is quite negligible (see top-view 

image in Figure 2.16(d), there is a distinct charge redistribution, particularly between the oxygen 

molecule and the top layer of the bilayer 𝑃𝑡𝑆𝑒2 as can be seen in the side-view (Figure 2.16(e)).    



73 
 

3. Schottky Diodes and Heterostructures for photodetection 

In this chapter Schottky diodes and heterostructures made for photodetection application are 

taken under study. First, some general theory about photogeneration is presented, relying on how 

Schottky diode can be used as photodetectors and also introducing some useful figures of merit 

like responsivity and external quantum efficiency. 

Then, a simple Gr-Si junction is put under examination, resulting in something more complex than 

a Schottky diode. The fabrication of a Gr-Si junction often leads to a parallel structure which can 

affect the device’s output characteristic. The results of this study have been published and are 

reported in reference [4]. 

Moreover, a CNT-Si based heterostructure is analysed. Exploiting the previous results, this device 

is investigated to be used for several applications, from bias tuneable photodetector to Boolean 

logic device. This study has been published and it is reported in reference [5]. 

Finally, in the very last part of this chapter, a brief exposure of some results obtained from the 

collaboration with the RWTH Aachen University and AMO, where I spent 6 months (Oct2021-

April2022) learning fabrication processes. Here I present some optical images of self-fabricated 

TMD FETs and a MoS2/WSe2 heterostructure, including some standard electrical characterization.   

3.1. Photogeneration 

According to the well-known wave-particle duality principle, light waves could be treated as 

particles, which are referred to as photons. The energy of a photon is 𝐸 = ℎ𝜈 where ℎ is  lank’s 

constant and 𝜈 is the frequency. Photons can interact with a semiconductor in several ways; they 

can interact with the lattice, with the impurity atoms or with the defects. Anyway, interaction with 

valence electrons is the most interesting basic interaction process. In this interaction, indeed, 
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colliding photons can impart enough energy to let valence electrons jumping into the conduction 

band. This process generates electron-hole pairs and creates excess carrier concentrations. 

Not all the photons can be absorbed in the semiconductor (Figure 3.1). The absorption depends 

on the incident photon energy 𝐸 and on the semiconductor energy bandgap 𝐸𝑔. If the photon 

energy is less than 𝐸𝑔, the photons cannot be absorbed and the light is transmitted through the 

material, hence the semiconductor appears to be transparent. If the photon energy is greater than 

𝐸𝑔, instead, it can be absorbed and can interact with a valence electron, elevating it into the 

conduction band. This process has high probability, as valence band contains many electrons, and 

the conduction band is consisted of many empty states. This interaction results in an electron – 

hole pair generation: for each generated electron in the conduction band, there is a hole left into 

the valence band. Any eventual excess energy may give the electron or hole additional kinetic 

energy, which will be dissipated as heat in the semiconductor. 

 

Figure 3.1 – Photons can be absorbed if they have enough energy to jump into the conduction 
band. 

When excess electrons and holes are generated in a semiconductor, there is an increase in the 

conductivity of the material. Besides, if electrons and holes are generated within the space charge 

region of a pn junction, they can be separated by an applied electric field resulting in a current 

flow. This change in conductivity can be exploited to detect the presence of photons. Such a 

device is known as photodetector, i.e., a device that convert optical signals into electrical signals.  
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Although pn junction is the basis of several photodetector devices such as photodiodes and 

phototransistors, Schottky diodes have higher current drive capability and, depending on the SBH, 

several order of magnitude larger 𝐼0. This makes of Schottky diodes the preferred rectifying 

devices when applications require high current at low voltage. Another greatest advantage of 

using Schottky diodes in photodetection is that they avoid limitations related to minority carrier 

recombination time, as they don’t involve at all minority carriers. For this reason, high-speed 

Schottky photodiodes are found in optical communications or optical measurements. Moreover, 

Schottky junctions are also used as low-cost photovoltaic cells, converting light into current (or 

voltage) at zero voltage (or current) bias. 

3.2. Schottky diodes for photodetection 

Photodetectors convert light in an electric signal. The reader can look at some examples of 

Schottky photodetectors in Figure 3.2. 

 

Figure 3.2 – Different layout of Schottky photodiodes, with (a) a semi-transparent thin film or (b) 
with a metal grid. (c) Interdigital electrode structure is used to improve the device performance 
and applying a sufficient large voltage (d) all the carriers photogenerated in the semiconductor will 
contribute to the photocurrent. 

They are essentially fabricated depositing a metal layer on top of a semiconductor wafer. Then, to 

increase the sensitivity of the device, it is a common practice to put on top of the semiconductor a 

semi-transparent thin film (10 nm or less) (Figure 3.2(a)) or a metal grid (Figure 3.2(b)) and an 
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antireflection coating to reduce light loss in the metal. In this context, transparent electrodes, such 

as graphene, should be used to have a rectifying junction. 

Another way to improve the device performance is to use a pair of Schottky photodiodes together, 

built in a so-called interdigital electrode structure on the same semiconductor Figure 3.2(c). Here, 

we have two electrodes of opposite bias sign. If we consider a n-type substrate, a reverse biased 

junction forms at the negative electrode, while the other electrode forms a forward biased 

junction (respectively A and B in Figure 3.2(d)). In this way, the leakage current is suppressed by 

the presence of a blocking junction. Moreover, you can apply a sufficient large voltage to widen 

the two depletion layers, making reach themselves, achieving the reach-through configuration. In 

this way, all the electron-hole pairs photogenerated in the semiconductor region between the two 

electrodes will contribute to the photocurrent. 

Schottky photodetectors are negative biased, whereby the diode dark current is low and the extra 

current due to light is more distinguishable. Photodetectors can operate with two different 

mechanisms, depending on the radiation energy ℎ𝜈. One comes from photons with energy lower 

than 𝐸𝑔 (but higher than the semiconductor work function), which excite the electrons from the 

metal, injecting them into the semiconductor (Figure 3.3(a)). The other mechanism is instead 

showed in Figure 3.3(b): if photons have energy greater than 𝐸𝑔, they can generate electron-hole 

pairs into the depletion layer in the semiconductor, increasing carriers and thus conductivity, 

contributing to the photocurrent. 
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Figure 3.3 – (a) Photons with energy less than 𝐸𝑔 excite metal electrons injecting them into the 

semiconductor. (b) Photons with energy greater than 𝐸𝑔 can generate hole-electron pairs in the 

semiconductor depletion layer. (c) Avalanche mode operation.  

Thanks to the first mechanism, if the Schottky barrier height is small enough, suppressing the 

reverse leakage current operating at cryogenic temperatures (below 77K), photodetectors can 

detect long infrared radiation (IR). The second mechanism, on the other hand, enable high speed 

detection since the time response of the Schottky diode is only limited by the carrier flow across 

the depletion region and by the RC time constant of the circuit.  

Figure 3.3(c) shows a device operated in avalanche mode, reached at very high negative voltage, 

close to the semiconductor breakdown voltage. This operating mode gives high internal gain and 

both high-speed and sensitivity to low intensity light.  

3.2.1. Figures of merit 

The basic metric of a photodetector is the external quantum efficiency EQE (sometimes referred 

to as incident photon conversion efficiency IPCE), defined as the number of carriers produced per 

photon, 

 
𝐸𝑄𝐸 =

𝐼𝑝ℎ/𝑒

Φ𝑖𝑛
=

𝐼𝑝ℎ

𝑒

ℎ𝜈

𝑃𝑖𝑛
 ( 3.1 ) 

In Equation( 3.1 )  𝐼𝑝ℎ  =  𝐼𝑙𝑖𝑔ℎ𝑡  −  𝐼𝑑𝑎𝑟𝑘 is the photocurrent, 𝛷𝑖𝑛  =  𝑃𝑖𝑛/ℎ𝜈 is the incoming 

photon flux and 𝑃𝑖𝑛 is the incident optical power. The ideal quantum efficiency is unity. This value 

can be affected by current loss due to recombination, incomplete absorption, reflection, etc. The 
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internal quantum efficiency IQE, instead, is calculated in a similar way, substituting the incoming 

photon flux with the absorbed photon flux (𝛷𝑎𝑏𝑠  =  𝛷𝑖𝑛𝐴𝑎𝑏𝑠, with 𝐴𝑎𝑏𝑠 the absorbed fraction): 

 
𝐼𝑄𝐸 =

𝐼𝑝ℎ/𝑒

Φ𝑎𝑏𝑠
 ( 3.2 ) 

Related to EQE is the responsivity, 𝑅𝐼, which is the photocurrent divided by the incident optical 

power: 

 
𝑅𝐼 =

𝐼𝑝ℎ

𝑃𝑖𝑛
= 𝐸𝑄𝐸 ⋅

𝑒

ℎ𝜈
 (

𝐴

𝑊
) ( 3.3 ) 

In many applications, measuring a photovoltage is preferred rather than a photocurrent. Indeed, 

measuring a voltage can have the advantage of eliminating the power consumption associated to 

Joule-heating. In such case, the responsivity 𝑅𝑉 (photovoltage responsivity) is defined as 

photovoltage 𝑉𝑝ℎ divided by the incident optical power: 

 
𝑅𝑉 =

𝑉𝑝ℎ

𝑃𝑖𝑛
(

𝑉

𝑊
) (  3.4 ) 

Other figures of merit related to photodetectors concern the noise. The noise, which should be 

kept as low as possible, determines the minimum detectable signal. Usually there are many factors 

which contribute to the total noise (dark current, thermal noise, shot noise, flicker noise, etc.). The 

noise-equivalent power (NEP) is the relevant figure of merit in this context. It corresponds to the 

incident RMS optical power required to produce a signal-to-noise ratio of 1 in a 1Hz bandwidth. 

The NEP is expressed in units of 𝑊𝐻𝑧−0.5 and represents the minimum detectable power. If 

 
𝑆𝐼 = √𝐼�̅�𝑜𝑖𝑠𝑒

2 /1𝐻𝑧 ( 3.5 ) 

is the RMS dark noise density (𝐼�̅�𝑜𝑖𝑠𝑒
2  is the average of the square of the current noise 𝐼𝑛𝑜𝑖𝑠𝑒 

measured with 0.5 s integration time, which corresponds to a bandwidth of 1 Hz (Nyquist 

criterion)) then 
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 𝑁𝐸𝑃 = 𝑆𝐼/𝑅𝐼 ( 3.6 ) 

with 𝑅𝐼 is the photocurrent responsivity of Equation( 3.3 ). A similar definition of NEP can be given 

for the photovoltage responsivity: 

 𝑁𝐸𝑃 = 𝑆𝑉/𝑅𝑉 ( 3.7 ) 

With 𝑆𝑉 = √�̅�𝑛𝑜𝑖𝑠𝑒
2 /1𝐻𝑧 the analogous of 𝑆𝐼 for the voltage noise 𝑉𝑛𝑜𝑖𝑠𝑒. Finally, the detectivity 𝐷∗ 

(measured in Jones – named after R.C. Jones) is defined as 

 
𝐷∗ =

√𝐴𝐵

𝑁𝐸𝑃
(𝑐𝑚

√𝐻𝑧

𝑊
≡ 𝐽𝑜𝑛𝑒𝑠) ( 3.8 ) 

where 𝐴 is the area of the photosensitive region and 𝐵 is the frequency bandwidth of the 

photodetector. The detectivity encloses simultaneously the information of detector sensitivity, 

spectral response and noise. 

3.2.2. Graphene-Silicon Schottky Diode 

Silicon has been holding a dominant position in the microelectronics field for decades, leading the 

development of the semiconductor technology. However, silicon has some limitations as an 

optoelectronic material for photodetection. Indeed, it has short bandwidth and a large surface 

reflectivity, making it not a great choice as near-infrared (NIR) photodetector. As NIR 

photodetection is crucial for a variety of applications, from optical communication171–173 (1550nm) 

to remote sensing174–176 , there is the need to find a silicon-based device with broader bandwidth 

and high responsivity. 

Graphene is very attractive for advanced optoelectronic applications due to its chemical stability, 

zero bandgap, high conductivity, flexibility, low noise, and other extraordinary properties177–180. 

Indeed, thanks to its semimetal behavior and tunable energy Fermi level, it can enable new 

features in traditional electronic and optoelectronic devices21,181.  For instance, graphene can be 
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put on silicon forming a Schottky photodiode181–184. Hence, graphene can replace the metal 

contact of a Schottky junction and make shallow junctions with excellent photodetection 

properties185,186. The Gr-Si junction is therefore a basic element for novel electronic devices, 

identifying graphene as the favorite candidate that can improve the existing semiconductor 

technology187–189.  

Gr-Si junctions are usually fabricated on a Si substrate covered by an SiO2 dielectric layer. An 

etched window in the SiO2 cap layer opens a Si area for the formation of the Gr-Si junction. In fact, 

graphene is transferred on top, covering the bare Si area. Besides, graphene also encroaches upon 

the oxide layer for the formation of contacts with metal leads. Such an encroachment of graphene 

over SiO2 results in a Gr-SiO2-Si structure in parallel with the Gr-Si junction. This heterostructure is 

actually a Metal-Insulator-Semiconductor (MIS) structure. It has been shown in literature that the 

MIS structure affects the current-voltage (IV) and capacitance-voltage characteristics of the 

junction190 and enhances its photodetection performance113,191,192. The  MIS capacitor plays a 

significant role in improving the optical and electronic properties of Gr-Si photodiodes, as reported 

in recent studies191,193–195.Therefore, to really understand the physics behind Gr-Si junction, it is 

essential to study the MIS structure and how it can affect the device performance in the detail.  

For this reason, we have transferred graphene monolayers, produced by chemical vapor 

deposition (CVD), onto a n-Si wafer covered by a patterned silicon nitride (Si3N4) layer that 

replaces the traditional SiO2 dielectric. Si3N4 films, indeed, are excellent diffusion barriers (for 

metal, water, oxygen, etc.) and allows us to enhance the MIS capacitance by increasing the 

dielectric constant. For the same reason, we also made the insulator just thick 15 𝑛𝑚. In such a 

way, we have formed a Gr-Si junction in parallel with Gr-Si3N4-Si MIS structures. This special layout 

leads to the observation of an unreported feature, namely a “kink”, in the reverse-bias current-

voltage characteristics. Characterizing such device, we also demonstrate that the MIS structure is a 
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booster for the photo response as it becomes the reservoir of photogenerated holes that 

contribute to the photocurrent in reverse bias. Indeed, photogenerated holes, accumulated at the 

Si3N4-Si interface, tunnel through the Si3N4 by FN mechanism, increasing the photocurrent and 

enhancing the responsivity of the device. 

3.2.2.1. Fabrication details and device layout 

Samples were fabricated on doped n-Si (100) wafers with resistivity of ~10 Wcm, corresponding to 

a phosphorus dopant density of ~4.5 × 1014 𝑐𝑚−3. A 15 𝑛𝑚 thick Si3N4 was deposited by CVD. 

Then, a 3𝑥3 𝑚𝑚2 squared window was patterned by lithography and wet etching of the silicon 

nitride. The window was further cleaned by hydrofluoric acid immediately before the Gr 

deposition to prevent or limit the formation of native silicon oxide.  

Graphene sheets of about 5 × 7 𝑚𝑚2 area have been transferred onto the Si substrates by a wet 

method to cover the Si trench while extending over the surrounding Si3N4 layer, thus acting both 

as the anode of the Gr-Si junction and as the top electrode of the Gr-Si3N4-Si MIS structure. 

Contacts to graphene were realized by Ag paste of about 1 mm diameter. It has been verified, 

indeed, that Ag paste on graphene gives low-resistance ohmic contacts74. In the same way, Ag 

paste was also spread on the scratched backside of the Si-substrate to guarantee an ohmic back 

contact. 

A device schematic is reported in Figure 3.4(a). The Raman spectrum (Figure 3.4(b)) provides a 

clear evidence of a high-quality monolayer Gr layer, confirmed by the high 2D/G intensity peak 

ratio and the negligible defect-related D-peak (~1350 𝑐𝑚−1).  
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Figure 3.4 – (a) Device layout. (b) Raman spectroscopy and optical image in the inset. 

 

3.2.2.2. Evaluation of Schottky diodes parameters 

There are many ways to evaluate Schottky diodes parameters, such as ideality factor (𝑛), Schottky 

barrier height (SBH, 𝜑𝑏0 , Richardson’ s constant (𝐴∗). Among all the techniques, the Cheung’s 

method distinguish itself for ease and accuracy.  

Figure 3.5(a) shows the semi-logarithmic plot of the current-voltage characteristic of the Gr-Si 

device in dark at 300 𝐾 and atmospheric pressure. 

As displayed, the device shows a rectifying behavior (with rectification ratio  ~104 at 𝑉 = ±2.5 𝑉) 

and a diode-like shape that suggests using the ideal diode equation for fitting the current flow: 

 
𝐼 = 𝐼0 [exp (

𝑞𝑉

𝑛𝑘𝑇
) − 1] 

( 3.9 ) 

where 𝐼0 is the reverse saturation current, 𝑞 is the electron charge, 𝑛 the ideality factor, 𝑘 the 

Boltzmann constant and 𝑇 the temperature. The ideality factor in Equation( 3.9 ) includes 

deviations from pure thermoelectric transport (𝑛 = 1) which can take place in a Schottky diode. 

Indeed, in Schottky diodes, high ideality factor can occur due to the presence of defects or 

unwanted insulating layers which can cause Schottky barrier inhomogeneities196–198.  
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However, a more realistic model includes a series resistance . We then follow Cheung’s 

method199 for evaluating the diode parameters. According to Cheung’s method, Equation( 3.9 ) 

with a series resistance becomes: 

  ( 3.10 ) 

which, for  , provides: 

  ( 3.11 ) 

From the fit of Equation( 3.11 ), we can evaluate  and , which can be used to estimate , 

defining the following function: 

  (5) 

Figure 3.5(b) shows the plots of  and  a function of  from which we extract the following 

parameters: ,  and .  

 

Figure 3.5 (a) Measured IV characteristic of the device in dark (b) Cheung’s method plots for 
evaluation of Schottky barrier height, ideality factor and series resistance. 

Figure 3.6(a-b) display the I-V characteristics of the Gr-Si device at different temperatures, from 

 to , in dark and under illumination by a supercontinuum laser with  
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diameter spot (incident power 1 𝑚𝑊/𝑐𝑚2, wavelenght 𝜆 = 500 𝑛𝑚), respectively. As predicted 

by the thermionic theory (Equation( 3.9 ) and Equation( 3.10 )), the curves show that lowering the 

temperature suppresses both the forward and the reverse currents.  

Signals of photocurrent only appear in reverse bias and at temperatures below 320 𝐾. Moreover, 

at low temperatures, the I-V curves present sudden curvature changes (one or more kinks) in 

reverse bias, probably caused by the parallel MIS capacitor, as explained next. 

Figure 3.6(c) shows the rectification ratio at 𝑉 = ±2.5 𝑉. In dark, the rectification ratio increases 

with the decreasing temperature, indicating that, when the temperature is lowered, the Schottky 

barrier becomes more efficient in suppressing the electron flow from graphene to silicon (reverse 

current). The rectification ratio under illumination overlaps that measured in dark for 

temperatures higher than 320 𝐾, because there, thermal generation overcomes photogeneration. 

Below 320 𝐾, instead, the rectification ratio decreases with the decreasing temperature, because 

the reverse current becomes highly dominated by the photogeneration. This result indicates that 

the photodetection is favourable when the device is negative biased at low temperature. Indeed, 

at low temperature, the reverse current is substantially enhanced by the electron-hole 

photogeneration. 

From the Cheung’s method, we obtained value of  𝑛, 𝑅𝑠, and 𝜑𝑏0 as function of the temperature, 

respectively reported in Figure 3.6(d-e-f), in dark (black dot-lines) and under light (red dot-lines). 

The temperature dependence of the ideality factor in Figure 3.6(d) shows a descending behaviour 

for increasing temperature. This feature indicates that deviations from the ideal thermionic 

behaviour of the diode are more effective at lower temperatures when thermionic emission is 

suppressed, and tunneling and diffusion might become comparatively relevant.  The dependence 

on the temperature of the series resistance showed in Figure 3.6(e) is typical of a semiconductor 

and is probably dominated by the silicon substrate.  
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Figure 3.6 - IV characteristics versus the temperature ranging from 400 K to 220 K in (a) dark and 
(b) light. (c) Rectification ratio at V=±2.5 V, (d) ideality factor, (e) series resistance, (f) Schottky 
barrier height versus temperature, evaluated using the Cheung’s method. 

Finally, Figure 3.6(f) shows that the SBH growths with the increasing temperature. This is a well-

known effect when there is barrier inhomogeneity200–202. Indeed, at low temperature, the reduced 

thermal energy makes carrier cross the barrier mainly in the position where the SBH is lower, thus 

resulting in a reduced SBH. The obtained zero bias SBH, , is consistent with some 

previous works203,204. 
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3.2.2.3. Optical Response 

Figure 3.7(a) shows the IV characteristics in dark and under illumination by a supercontinuum 

white laser. The emission power of the laser was tuned from 0 to 180 𝑚𝑊, which, considering a 

light loss factor of 85% in our measurement setup over all the spectral range, corresponds to 0 −

240 𝑚𝑊/𝑐𝑚2 intensity on the device. The obtained normalized photoresponse of the device, 

defined as (𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘)/𝐼𝑑𝑎𝑟𝑘 at 𝑉 = −2.5 𝑉, is plotted in Figure 3.7(b) in function of the laser 

power and the laser intensity. The data follow an exponential law with the e-folding factor 𝑥0 =

56 𝑚𝑊, which ensures that a maximum light effect is reached above ~170 𝑚𝑊. Accordingly, the 

laser has been set to the maximum power of 180 𝑚𝑊 for further tests of the Gr-Si device in 

photodetection. Particularly, the device has been tested for operating in both photocurrent and 

photovoltage mode. Setting the voltage to 𝑉 = −2.5 𝑉, we performed a series of measurements 

exposing it to the laser beam with wavelength emission of 𝜆 = 1000 𝑛𝑚, as representative of 

near-IR light above the silicon bandgap. In Figure 3.7(c) the device photocurrent is reported: the 

photo signal is fast and repeatable. Furthermore, at zero current, we also observed a photovoltaic 

effect, as reported in Figure 3.7(d). A photovoltage signal appears around 12 mV in response to 

the incident laser pulse. Possible thermal effects can be neglected, due to the low incident power 

(950 𝜇𝑊/𝑐𝑚2 ).  
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Figure 3.7 – (a) IV characteristics in dark and with incident white laser. (b) Normalized 
photoresponse as a function of the laser emitted power and the laser intensity incident on the 
device. (c) Photodetector operating in photocurrent mode at  and (d) photovoltage 
mode at  under laser beam with  wavelength and 950 laser intensity on 
the device. 

To complete the optoelectronic characterization of the device, the standard photodetector figures 

of merit have been investigated over the wavelength range of -  range by sampling 

the spectrum of the supercontinuum laser in intervals of  and  bandwidth. Figure 

3.8(a) reports the responsivity of the device along with EQE (see Equation( 3.3 )).  It shows an EQE 

around 75% for , i.e., when photoconversion occurs mainly in Si, followed by a 

sudden drop to 0.03% when the energy of the incident light is below the bandgap of Si. For  

, indeed, photoexcitation occurs mainly in graphene, as reported in literature179,205,206, 

lowering responsivity and EQE.  The obtained results about external quantum efficiency and 

responsivity are consistent with the highest reported in the literature over the investigated 
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spectral range207–213. Moreover, Figure 3.8(b) shows the  (see Equation( 3.6 )). 

Obviously, the higher EQE corresponds to lower detection power. 

With the aim of investigate on the photodetection properties of the device over the already 

mentioned wavelength range, IV characteristics measurements under light at different 

wavelengths have been performed (Figure 3.8(c) and Figure 3.8(d)). Surprisingly, a kink forms at 

about  in the reverse curves.  

 

Figure 3.8 - (a) Responsivity and EQE of the device in the visible and IR spectral region. (b) NEP and 
(c) IV characteristics in dark and under light at different wavelengths in the (c) visible and (d) near 
spectral IR regions. Insets of (c) and (d) show Fowler-Nordheim plots of the reverse IV characteristic 
at 550 nm and 850 nm, respectively. 

3.2.2.4. How the parallel MIS junction works 

The observed kink and the entire optoelectronic behavior of the Gr-Si device can be understood 

by considering the parallel Gr-Si3N4-n-Si structure, which in forward behaves like a MIS capacitor 

charged by electrons on the Si side. They easily diffuse to the Gr-n-Si junction and contribute to 
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the forward current.  In reverse bias, instead, the negative voltage attracts holes at the Si-Si3N4 

interface. As the holes accumulate, the Si undergoes an inversion and becomes p-type. When the 

voltage is high enough, tunneling through the insulator enables, and a p-type Schottky diode is 

formed in the MIS region. This means that, in reverse bias, the device behaves as two parallel and 

opposite diodes: a reverse Schottky diode due to the Gr-Si junction and a forward MIS diode 

formed by the Gr-Si3N4-p-Si structure.  

This parallel configuration explains the kinks at about 𝑉 = −1.2 𝑉. Indeed, for −1.2 𝑉 < 𝑉 <

0 𝑉, the holes accumulated at the interface Si-Si3N4 can only diffuse towards the Gr-Si junction, 

contributing to its reverse current (Figure 3.9(a)) and originating the current of ~10−7 𝐴. For 𝑉 <

−1.2 𝑉,  FN tunneling124,214 through the Si3N4 layer is enabled by the high electric field (Figure 

3.9(b)), resulting in an increase of current, which generates the aforementioned kink. Besides, due 

to the thermal and/or photo generation limited rate in Si, the current reaches a current plateau at 

high reverse voltage. The insets in Figure 3.9(a-b) show the FN analysis of the reverse IV 

characteristics, confirming the tunneling mechanism. Indeed, the linear behaviour of the FN plot 

over the range −0.8 𝑉−1 < 𝑉−1 < −0.5 𝑉−1 (corresponding to -2.0 V to -1.25 V) demonstrates 

that FN tunneling starts around the kink voltage.   

 

Figure 3.9 - Schematic model of the Gr-Si device and charge carrier transport in reverse bias, for (a)  
−1.2 𝑉 < 𝑉 < 0 𝑉 and (b) 𝑉 < −1.2 𝑉.  
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3.2.3. CNT-Si photodetector with tuneable photocurrent 

Carbon nanotubes have a high electrical conductivity. For this reason, CNT based photodetectors 

have a high dark current. However, combining CNTs with semiconductors (like Silicon) can 

suppress the dark current, enhancing photodetector’s sensitivity215–220. Usually, CNTs-Si 

heterostructures are made including an insulating intra-layer; it eliminates the pinning of the 

Fermi level, improving the optoelectronic properties of the device4,221,222. Hence, it affects the 

current voltage characteristics of any metal-semiconductor structure and enhances its 

photodetection properties193,195,223–226. For instance, Jia et al. showed that the formation of an oxide 

layer at the interface of a CNT/Si heterostructure switches charge transport from thermionic 

emission to a mixture of thermionic emission and tunneling and improves the overall diode 

properties227. Filatzikioti et al. fabricated a hybrid multi-walled CNT/Si3N4/n-Si photodetector with 

adequate responsivity in the UV and visible part of the spectrum and promising for the IR region 

due to the CNT bandgap228.  

Moreover, CNT/Si device can be used also in heterogeneous logic circuits229, such as Boolean 

optoelectronic circuits. Y.L. Kim et al. proposed a logic device based on a single walled CNT/Si 

heterojunction photodiode, in which the optical and electrical inputs can control the output 

current230. 

In the following sections, a CNT-Si device with a special layout is analysed. Single-walled CNTs are 

used to realize a CNT/Si3N4/Si capacitor with enhanced capacitance due to the high dielectric 

constant of Si3N4. The CNT/Si3N4/Si capacitor is in parallel to a pre-existing Pt-Ti/Si3N4/Si structure. 

The device behaves like the Gr-Si junction showed in previous paragraph. Indeed, it shows a kink in 

the reverse-bias IV characteristics of the device. In such a way, when used as a photodetector, the 

device is endowed with extended functionalities compared to traditional photodiodes. In fact, the 
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device shows a different photoresponse when light is focussed on the CNT/Si3N4/Si capacitor or 

around the Pt-Ti/Si3N4/Si region. Furthermore, reverse biasing with different voltages, the device 

changes its output, suggesting it can be used for several applications, from voltage tuneable 

photodetection to Boolean logic. 

Finally, the device can work as photodetector in self-powered mode, as light generates a 

photocurrent at zero voltage and a photovoltage at zero current. 

3.2.3.1. Fabrication details and device layout 

A film of single-wall CNTs has been deposited on a Si3N4/Si substrate endowed with Pt-Ti/Si3N4/Si 

MIS structures using a dry transfer process231. The substrate consists of an n-doped silicon wafer 

(300 µm thickness, 2300–3150 Ωcm resistivity  with the top surface covered by a 60 nm Si3N4 

insulating layer. The CNT film is patterned in a T-shape (see Figure 3.10(a)), and the two 

preexisting top Pt-Ti pads contact it directly. Figure 3.10 shows a 3D schematic view and a cross-

section of the device.  

The Pt-Ti/Si3N4/Si and CNT/Si3N4/Si heterostructures, after that the Si3N4 underneath the Pt-Ti pad 

had been broken by electrical stress, can be modelled as a MIS diode in parallel to a MIS capacitor, 

with a resistance in series (see Figure 3.10(b)). Indeed, the repeated electrical stress between the 

top Pt-Ti pad and the Si substrate makes the nitride barrier thinner, so that tunneling can occur, 

letting us model the Pt-Ti/Si3N4/Si structure as a stable MIS diode102,222,231–234. To keep a light 

notation, from now on, we will refer to Pt-Ti/Si3N4/Si structure as the MIS diode and to 

CNT/Si3N4/Si structure as the MIS capacitor, while the parallel combination of the MIS diode and 

capacitor will be designated as the CNT-Si device.  

The CNT film was obtained by filtering a liquid solution of CNTs through a filter membrane, in low 

vacuum. The liquid solution was made of CNT powder diluted to 80 µg/mL with distilled water and 
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sodium dodecyl sulfate (SDS, 2% solution weight ratio), which surrounds the CNTs and prevent 

their aggregation and precipitation. The mixture was then tip-ultrasonicated for 1 h and left for 

about 10 h to let the bundled nanotubes precipitate. Then, they are removed until getting a stable 

mixture without any kind of further CNT precipitation (it requires several months). Once we 

obtained a stable mixture, it was deposited on a filter membrane (Durapore PVDF, pore size 0.22 

µm, diameter 47 mm) using vacuum filtration and rinsed with a solution of ethanol, methanol, and 

water (15%–15%–70%) to remove all the surfactant from the CNT film.  

After the CNT filter was dried, transfer process can start. The transfer is accomplished by placing a 

piece of CNT film over the substrate, wetting the membrane with water and ethanol, and then 

pressing it to improve the adhesion of the film to the substrate. After few minutes, the dried 

membrane was peeled off and the CNT film was left over the substrate. 

The electrical measurements were realized in a Janis 500 high vacuum cryogenic probe station 

connected to a semiconductor parameter analyzer Keithley 4200-SCS. The photoresponse was 

investigated using a super continuous light source (1 𝑚𝑚2  spot) with wavelength in the 450-2400 

nm range (SuperK compact by NKT photonics) as light source, which was focused either around 

the Pt-Ti pad or over the CNT film.  

 

Figure 3.10 - (a) 3D schematic view and (b) cross-section of the device under study. 

(a (b 
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The morphology of the film was checked using a field-emission scanning electron microscope 

(SEM, Zeiss LEO 1530) using an acceleration voltage of 5 kV. As displayed in Figure 3.11(a), the film 

is homogeneous and does not present visible holes. Figure 3.11(b) shows the film at higher 

magnification. It reveals that the nanotubes are randomly oriented and cover completely the 

substrate. 

Then, the film was analyzed with an X-Ray photoelectron spectroscope (  I 1257, using Al Kα 

radiation), to get information about its chemical composition, and with micro-Raman (LABRAM, 

λ=633 nm , to estimate the quality and the nature of the nanotubes. Figure 3.11(c) show an XPS 

survey spectrum acquired on the film. The only observable signals detect the carbon, due to the 

nanotubes, and oxygen, that can be attributed to atmospheric contaminant above the film. Silicon 

signals are not observable, indicating once more the high level of coverage of the film. Figure 

3.11(d) shows the Raman spectra acquired on the film. In the high frequency region, we can 

observe the D and G band typical of carbon materials, while in the low frequency region are the 

Radial Breathing Mode (RBM) of the single-walled CNT. The D band, that is due the presence of 

amorphous carbon and crystallographic defects, is less intense than the G band. This highlights the 

good quality of the nanotubes used for the film. Thanks to the RBM, we have estimated the 

diameter (d), the chiral vector index (n,m) and the type of nanotubes (𝑑1  =  1.303 𝑛𝑚, (𝑛, 𝑚)1  =

 (14,4), Type = Semiconductor ; 𝑑2  =  0.908, (𝑛, 𝑚)2  =  (8,5), Type = Metallic). 
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Figure 3.11 - (a) SEM image of the CNT film above the substrate at low magnification. (b) Single-
walled CNT film at high magnification. (c) XPS survey spectrum and (d) RAMAN spectrum of the 
CNT film. 

3.2.3.2. MIS Diode Parameters 

To evaluate the MIS diode parameters, we measured the output characteristics at different 

temperatures (Figure 3.12(a)). To understand the role of the CNTs, we also studied a similar device 

(Ag-Si device), obtained by substituting the CNT layer with an Ag film (Figure 3.12(b)). The plots 

show that for both devices, there is a suppression of both the forward and reverse currents at low 

temperature, as predicted by the thermionic theory. However, the reverse current of the CNT-Si 

device shows a step up around V = -7 V at any temperature. 

A possible explanation is that the CNTs, due to their aspect ratio, locally enhance the electric field, 

activating FN tunneling through the Si3N4 layer in the CNT-device MIS capacitor102,125,235. The FN 

mechanism activates at any temperature when the reverse voltage is less than -7V (corresponding 

(a)

(c) (d)

(b)
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to Zone II in Figure 3.12). In the Ag-Si device, instead, there is no field amplification and carriers 

cannot tunnel through the insulator layer.   

Figure 3.13(a) shows the rectification (on/off) ratio at V = ± 4 V for both devices as a function of 

the temperature. The On/Off ratio decrease with rising the temperature. Indeed, the reverse 

current increases at higher temperatures because of the increasing of thermal generation. Also, 

CNTs film also enhances the diode performance, as demonstrated by the higher on/off ratio of the 

CNT-Si device over the Ag-Si device. The I-V curves at different temperatures can be used to 

extract the SBH, ideality factor, and series resistance following the already described Cheung’s 

method199(Figure 3.13(b-c-d)). 

 

Figure 3.12 - IV characteristics at different temperatures for the (a) Ag-Si device and the (b) CNT-Si 
device. 

Figure 3.13(b) shows that the ideality factor decreases for increasing temperature. Indeed, 

deviations from the ideal thermionic behavior of the diode occur mainly at lower temperatures 

when thermionic emission is suppressed, and tunneling or diffusion might become comparatively 

relevant. Figure 3.13(c) shows that the SBH decreases with the decreasing temperature. The 

obtained barrier (around 0.7 eV at room temperature)  is consistent with other works using similar 

devices236,237. The difference in Schottky barrier heights of the CNT-Si device and the Ag-Si device 

can be easily attributed to the natural device-to-device fluctuations. The temperature behavior, 
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instead, it is a well-known effect we have already mentioned in the previous paragraph, due to 

spatial barrier inhomogeneity200,201,238.  

Finally, Figure 3.13(d) shows the temperature behavior of the series resistance, which is almost 

constant over the explored temperature range. The series resistance of the CNT-Si device is lower, 

highlighting another advantage in the use of the CNTs film. 

 

Figure 3.13 - (a) On/off ratio at V= ± 4V, (b) ideality factor, (c) Schottky barrier height, and (d) 
series resistance, as a function of the temperature for the CNT-Si device (labelled as CNT, black) 
and the Ag-Si device (labelled as Ag, blue). 

3.2.3.3. Optical Response 

We investigated the photodetection properties of CNT-Si device focusing the light over the MIS 

capacitor and over the MIS diode, highlighting differences. The device has been illuminated by a 

supercontinuum white source, with 8 mW/cm2 intensity. The IV characteristics in dark and under 
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light in different position are shown in Figure 3.14(a). When the light is on the MIS diode, the 

photogeneration in the depletion region of the MIS diode appears already at low voltages, 

resulting in an already high photocurrent in Zone I. Increasing the negative voltage (Zone II), the 

FN tunneling of photogenerated carriers activates in the MIS capacitor, thus showing the already 

mentioned current set up. When instead the light is focused on the MIS capacitor, 

photogeneration in the depletion region of the MIS diode is lower, and the photogenerated 

charges in the area below the MIS capacitor mainly contribute to the total photocurrent. 

Moreover, in such case, the total current is lower due to the thicker Si3N4 layer. Indeed, the Si3N4 

layer under the Pt-Ti pad has been previously broken by the electrical stress. 

Zone I and Zone II represent voltage ranges with two different output photocurrents. This 

behavior allows the photodetector to operate in two different current regimes according to the 

requirement of the specific application.  

Remarkably, Figure 3.14(b), that shows the photocurrent at different negative biases, confirms 

that the photoresponse is faster than the limit of 500 ms set by our measurement setup, no 

matter if the light is focused around the Pt-Ti pad or the CNT film.  

Figure 3.14(c-d) show the photocurrent maps of the CNT-Si and the Ag-Si devices in Zone II (at 𝑉 =

 −12.5 𝑉) and fixed wavelength and incident power (𝜆 = 640 𝑛𝑚 ;  𝑃𝜆 = 1.2 𝜇𝑊). The CNT film 

enhances the photoresponse of the device, extending the photosensitive area to the entire “T”, 

while the Ag paste shuts out the light under the “T”, thus resulting in suppressed photocurrent 

(even with increased light incident power, 𝑃𝜆 = 22.3 𝜇𝑊).  
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Figure 3.14 - (a) CNT-Si device IV characteristics under illumination on the MIS diode (green curve) 
and the MIS capacitor (red curve). (b) Extracted photocurrent at different biases and in different 
configurations. (c) CNT-device and (d) Ag-device photocurrent maps. 

We completed the optoelectronic characterization of the CNT-Si device, investigating the spectral 

response in the 500–1100 nm wavelength range by sampling the spectrum of the supercontinuum 

source in intervals of 50 nm with 20 nm bandwidth and evaluating some figures of merit. Figure 

3.15(a) reports the responsivity and the EQE of the device biased at V = -14 V (Zone II) and with 

light focused on the MIS diode. It shows a peak in EQE around 50% for 800 nm < λ< 1100 nm 

suggesting that photoconversion occurs mainly in Si. The weaker photoresponse for λ < 800 nm 

can be attributed to the increased electron-hole recombination rate. High energy light is absorbed 

closer to the Si/Si3N4 interface where the high concentration of intragap states and the lower 

mobility favor the recombination of photogenerated electron-hole pairs. 

Moreover, Figure 3.15(b) shows the noise equivalent power (NEP). As expected, the higher 

quantum efficiency corresponds to the lower detection power. The obtained EQE is on the low 

side of the distribution of values typically reported in the literature.239,240 
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To investigate the photodetection properties in self-powered mode, the CNT-Si device photo 

response has been tested at zero current and zero voltage bias, focusing the light on the MIS 

diode. The device reacts to light with fast and repeatable photocurrent and photovoltage. Figure 

3.15(c-d) show that under illumination, the device generates both a current and a voltage, 

specifically 40 nA at 0 V and 20 mV at 0 A.  

 

Figure 3.15 - (a) Responsivity and external quantum efficiency, (b) noise equivalent power, (c) 
photocurrent at 0 V and (d) photovoltage at 0 A of the CNT-Si device. 

3.2.3.4. Boolean Logic Application 

Furthermore, the photocurrent dependence on the voltage bias and the light spot position 

suggests the use of the device for Boolean logic applications. Indeed, we can associate a binary 

variable (x) to the applied voltage (for instance, with value “0” for -8V < V < -6V and “1” for -14V < 

V < -12V), and a second variable (y) to the position of the incident light spot (“0” for light spot over 

the MIS capacitor, “1” for light spot over the MIS diode). Figure 3.16 shows that the device can 
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operate as an exclusive OR (XOR). Indeed, when the photocurrent is in the range 10-5 A < I < 10-4 A, 

the output is assumed to be “1”, while elsewhere it is considered as a “0”. The position of the light 

spot as a variable for a Boolean device is an original approach in our study. 

 

Figure 3.16 - CNT-Si device suitable for optoelectronic Boolean logic application, working as a XOR. 

 

3.3. MoS2/WSe2 heterostructures for photodetection 

In the last part of my PhD years, I have spent about 6 months to learn about 2D devices fabrication 

in Aachen, Germany, at the RWTH University. The aim of this collaboration was to let me have a 

first approach to 2D material-based devices fabrication, producing some TMD (MoS2 and WSe2) 

standard FETs and some MoS2/WSe2 heterostructures. In this paragraph, I briefly report the 

optical images and some standard electrical characterization of the devices I have fabricated by 

myself. It is important to highlight that, as the reader should have already got an idea looking at 

this PhD thesis, these chips contain my first and only fabricated devices.  

First, I have fabricated several MoS2 and WSe2 FETs. A schematic layout of these devices and some 

optical images are reported in Figure 3.17.  
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Figure 3.17 – (a) Schematic layout of a standard 2D-based field effect transistor. (b) Optical image 
of one of the several fabricated devices and (c) a close picture of the channel. 

Figure 3.18 shows the device fabrication process flow. After a substrate (blue box is silicon, orange 

box is silicon dioxide) cleaning with plasma oxygen, the 2D TMD (green box) is wet transferred 

onto it. Then, the device is patterned, with a positive lithography process, in order to have a 

portion of the TMD covered by the photoresist (black box): this part will be our channel. Soon 

after that, indeed, the rest of uncovered TMD is etched into a Reactive Ion chamber. To made up 

source and drain of the transistor, a negative lithography process is performed to cover the 

channel and all the other parts where metal isn’t needed. Finally, 12.5 nm of nichel (yellow box) 

and 100 nm of aluminium (grey box) are deposited onto the chip and the unwanted part get lifted 

off in acetone.  
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Figure 3.18 – Process flow of a standard 2D FET fabrication. 

Below, a standard characterization of a WSe2 FET with channel dimension of  is 

reported. Figure 3.19(a) shows current-voltage characteristics varying the applied gate voltage, 

suggesting a high current modulation. This is confirmed by the transfer characteristic in Figure 

3.19(b), which reports an on/off ratio of almost five orders of magnitude in the range of 

.  

 

Figure 3.19 – (a) Output characteristics varying the applied gate voltage. (b) Transfer 
characteristic. 

Then, MoS2/WSe2 heterostructures have been fabricated. The schematic layout of the fabricated 

device and some optical images are shown in Figure 3.20. After a first deposition of 

Aluminum/Palladium contacts, 2D materials (synthetized with chemical vapor deposition, CVD) 
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have been wet transferred on a quartz substrate. Finally, a side Aluminum/Nichel contact has been 

made. Different metals have been used to contact MoS2 and WSe2 to achieve ohmic condition at 

both sides. 

 

Figure 3.20 – (a) Schematic layout of the TMD lateral heterostructure. (b) Optical image of the 
entire chip with several devices and (c) of a single device. 

The optoelectrical measurements are reported in Figure 3.21. The output characteristic displayed 

in Figure 3.21(a) shows that the device responds to light. Figure 3.21(b-c) report the photocurrent 

signals generated by laser irradiations (of 30s and 1 minute respectively) with incident power of 

180mW. The device shows a responsivity of about  and a slow response time of several 

minutes.  

 

Figure 3.21 – (a) Output characteristic of MoS2/WSe2 heterojunction. (b) Measured photocurrent  

However, the layout of the device is quite tricky. The charge transport could not flow through both 

TMDs, and the current can be short circuited into the WSe2 layer. For this reason, and also to 

Quartz

Al/Ni
Al/Pd

MoS2 WSe2

(a) (b) (c)

(a) (b) (c)
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improve the obtained optoelectronic results, a new layout has been taken under consideration 

(Figure 3.22). Collaboration with RWTH University is still in progress and this work will be further 

improved the next year. 

 

Figure 3.22 – Improved schematic layout. SLG is single layer graphene. 
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Summary 

In Summary, my PhD thesis shows the opto-electronical characterization of low-dimensional materials-

based devices. In particular, in the first chapter a wide view of low dimensional electronics basic concepts 

has been reported, from the materials properties to the standard operation of Schottky diodes, Field Effect 

Transistors, Heterostructures and Field Emission devices. 

Chapter 2 deals with Transition Metal Dichalcogenides FETs and how light, electron beam and applied 

external field can affect their characteristics. Molybdenum disulphide and Platinum diselenide FETs are 

investigated. It is demonstrated that electron beam contact irradiation can enhance conductivity, lowering 

energy barriers at the contacts, and left-shifting the threshold voltage because of the piling up of positive 

charge at the interface Si/SiO2
1. Field emission from a flake of MoS2 is also reported in Chapter 2. It is 

demonstrated that field emission current can be modulated by an applied voltage on the gate oxide, paving 

the way for innovative field emission transistors2. Coexistence of negative and positive photoconductivity in 

Platinum diselenide FETs has been demonstrated. Light focused on the material can favor adsorbate 

desorption and consequent n-doping and at the same time causes the standard photogeneration process. 

These two opposite processes dominate at different pressure conditions. At ambient pressure, where 

density of adsorbate is high, n-doping dominate the photogeneration process, and it results in a decrease 

of current (negative photocurrent). In high vacuum, instead, almost all the adsorbates have been 

evacuated, and the photogeneration process dominates, resulting in an increase of current (positive 

photocurrent)3. 

In Chapter 3 a Graphene-Silicon Schottky diode, a CNT-Silicon Schottky diode and a MoS2/WSe2 

heterostructure are investigated for photodetection. The fabrication of a Graphene-Silicon Schottky diode 

often involves the formation of a parallel metal-insulator-semiconductor structure which affects the 

current voltage characteristic with a kink in the reverse current. This is fully explained by a tunneling 

process, also supported by a Fowler-Nordheim analysis. The studied device also shows good 

photodetection properties, like an external quantum efficiency around 75% for 𝜆 < 1100 𝑛𝑚4. Then, 
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exploiting the formation of the kink in the reverse current due to a parallel MIS structure, a CNT-Si device 

has been fabricated to have a MIS diode (Pt-Ti/Si3N4/Si) in parallel to a MIS capacitor (CNT/Si3N4/Si). This 

particular layout makes the device suitable for several innovative applications, like a photodetector with 

tunable bias or a Boolean logic device using the position of light as input variable5. Finally, hosted by Prof. 

Max Lemme at the RWTH University in Aachen, I have learnt how to fabricate standard 2D materials-based 

FETs and TMDs heterostructures. The last part of this Chapter shows some optical images of the fabricated 

devices and some optoelectronic characterization to investigate their photodetection properties. 
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